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A b strac t
A  p u l s e d  178H f  b e a m  a t  a n  e n e r g y  o f  1 1 5 0  M e V  w a s  u s e d  t o  i n i t i a t e  d e e p - i n e l a s t i c  
r e a c t i o n s  i n  a  t h i c k  208P b  t a r g e t ,  i n  o r d e r  t o  s t u d y  h i g h - K  i s o m e r s  i n  17 7 >17 8 H f .  B l o c k e d  
B C S  c a l c u l a t i o n s  p r e d i c t  h i g h - i f  m u l t i - q u a s i p a r t i c l e  s t a t e s  a t  1 77 =  4 3 / 2 ”  a n d  4 5 / 2 +  
i n  177H f  a n d  I n  =  1 9 +  a n d  2 2 “  i n  178 H f .  T h e s e  i s o m e r s  w e r e  n o t  o b s e r v e d  i n  t h e  e x p e r ­
i m e n t ,  h o w e v e r  l i m i t s  h a v e  b e e n  p l a c e d  o n  t h e  l i f e t i m e  o f  t h e  J f 7r= 1 9 +  i s o m e r  f o r  g iv e n  
e x c i t a t i o n  e n e r g i e s .  T h e  q u a l i t y  o f  t h e  b l o c k e d  B C S  c a l c u l a t i o n s  h a s  b e e n  e v a l u a t e d  a n d  
c o m p a r e d  w i t h  c o n f i g u r a t i o n - c o n s t r a i n e d  e n e r g y - s u r f a c e  c a l c u l a t i o n s .  P r e v i o u s l y  u n o b ­
s e r v e d  d e c a y  b r a n c h e s  f r o m  h i g h - i f  i s o m e r s  i n  177,179H f  h a v e  b e e n  i d e n t i f i e d ,  i n c l u d i n g  
t h e  f i r s t  h i g h l y  i f - f o r  b i d d e n  M 3  t r a n s i t i o n  t o  b e  o b s e r v e d  f r o m  a  m u l t i - q u a s i p a r t i c l e  
s t a t e .
S p i n - t r a p  i s o m e r s  i n  n e a r - s p h e r i c a l  Z = 5 1 ,  S b  i s o t o p e s  h a v e  b e e n  p o p u l a t e d  f o r  
t h e  f i r s t  t i m e  u s i n g  f u s i o n - f i s s i o n  r e a c t i o n s  w i t h  a  p u l s e d  178H f  b e a m  a t  a n  e n e r g y  o f  
1 1 5 0  M e V , i m p i n g i n g  u p o n  a  27A l  t a r g e t .  G a m m a - r a y s  w e r e  o b s e r v e d  f r o m  t h e  d e c a y  
o f  T 1 / 2  =  2 0 0 ( 3 0 )  g s  a n d  5 2 ( 3 )  g s  i s o m e r s  w i t h  s p i n s  a n d  p a r i t i e s  7 7r =  ( 2 5 / 2 + ) a n d  
( 2 7 / 2 + ) i n  121,123S b  r e s p e c t i v e l y .  T h e s e  s t a t e s  a r e  p r o p o s e d  t o  h a v e  a l i g n e d  v ( h n / 2 ) 2 
c o n f i g u r a t i o n s  c o u p l e d  t o  a n  o d d  p r o t o n  ( n d 5 / 2  o r  t t g 7 / 2  i n  121,123S b  r e s p e c t i v e l y ) .  I n ­
t e r m e d i a t e  i s o m e r s  w e r e  a l s o  i d e n t i f i e d  a t  J 7r =  1 9 / 2 “  ( T i / 2 =  8 . 2 ( 2 )  n s )  a n d  ( 1 5 / 2 “ ) 
( T i / 2  =  4 0 ( 2 )  n s )  i n  121,123S b  r e s p e c t i v e l y .  S p i n s  a n d  p a r i t i e s  o f  t h e  s t a t e s  i n  t h e s e  
n u c l e i  w e r e  o b t a i n e d  u s i n g  a  c o m b i n a t i o n  o f  a n g u l a r  c o r r e l a t i o n  a n d  i n t e r n a l  c o n v e r ­
s i o n  m e a s u r e m e n t s .  T h e  c o n f i g u r a t i o n s  o f  s t a t e s  i n  t h e s e  n u c l e i  a r e  c o m p a r e d  w i t h  t h e  
s y s t e m a t i c s  o f  n e i g h b o u r i n g  S n  i s o t o n e s  a n d  o t h e r  S b  i s o t o p e s .
I n  a  s u r v e y  o f  o t h e r  f u s i o n - f i s s i o n  p r o d u c t s ,  a n  T i / 2 — 1 8 ( 5 )  n s  i s o m e r  h a s  b e e n  
i d e n t i f i e d  i n  " M o .  T h e  l o n g  l i f e t i m e  o f  t h i s  l e v e l  i s  a s c r i b e d  t o  a  h i n d e r e d  E l  t r a n s i t i o n  
f r o m  a  s t a t e  w i t h  c o n f i g u r a t i o n  7r ( # 9/ 2 ) 2 ®  v g 7/ 2 .
“Life is a Roller Coaster... Just Gotta Ride it...” 
R . K E A T I N G
A ck n o w led g em en ts
A c k n o w l e d g e m e n t s  a r e  d i f f i c u l t  t o  w r i t e ;  c o m p r e h e n s i v e l y  t h e  m o s t  r e a d  p a r t  o f  
a  P h D  t h e s i s ,  i t  i s  c o m m o n  t o  e x t e n d  a  s w a t h e  o f  g r a t i t u d e  t o  a l l  a n d  m o r e ,  f r o m  
l o n g - d e c e a s e d  p e t s  t o  f a l l e n  r e v o l u t i o n a r y  c o m r a d e s .  U n c o n v e n t i o n a l l y ,  I  w i l l  a t t e m p t  
t o  k e e p  t h e  l i s t  s h o r t ,  m e n t i o n i n g  t h o s e  w h o  h a v e  m a d e  h u g e  c o n t r i b u t i o n s  t o  b o t h  m y  
w o r k  a n d  l i f e  w h i l s t  a t  t h e  U n i v e r s i t y  o f  S u r r e y .
F i r s t  o f  a l l  I  w o u l d  l ik e  t o  e x p r e s s  a  d e b t  o f  g r a t i t u d e  t o  m y  s u p e r v i s o r s  P h i l  
W a l k e r  a n d  Z s o l t  P o d o l y a k ,  w i t h  w h i c h  i t  h a s  b e e n  a  t r e m e n d o u s  p l e a s u r e  t o  w o r k  
o v e r  t h e  l a s t  3  y e a r s .  B o t h  h a v e  a l w a y s  h a d  a n  o p e n  d o o r  a n d  a n  o p e n  e a r ,  t a k i n g  
t h e  t i m e  a n d  p a t i e n c e  t o  d i s c u s s  m y  w o r k .  P h i l  h a s  a n  i n f e c t i o u s  e n t h u s i a s m  f o r  t h e  
s u b j e c t  a n d  a n  i m p r e s s i v e  a b i l i t y  t o  m a k e  c o m p l i c a t e d  c o n c e p t s  s i m p l e  t o  a n  a v e r a g e  
“w e t  b e h i n d  t h e  e a r s ” s t u d e n t .  H i s  d i p l o m a c y  i s  m a s t e r f u l ,  a n d  w a s  o n c e  d e s c r i b e d  a s  
t h e  p e r f e c t  p o l i t i c i a n .  Z s o l t  h a s  p r o v i d e d  m e  w i t h  i n c r e d i b l e  a t t e n t i o n  t o  d e t a i l  a n d  
e x p e r t i s e  w h e r e  m i n e  w a s  o f t e n  l a c k i n g .  H i s  h e l p  w i t h  r e s t a u r a n t  m e n u s  h a s  a l s o  b e e n  
i n v a l u a b l e .
I  w o u l d  l ik e  t o  a c k n o w l e d g e  P a d d y  R e g a n ,  w h o  is  e x c e p t i o n a l l y  e n e r g e t i c  a n d  
c h a r i s m a t i c ,  p r o v i d i n g  a  s u p p o r t i v e  a n d  e n j o y a b l e  a t m o s p h e r e  i n  w h i c h  t o  s t u d y  n u c l e a r  
p h y s i c s .  H e  i s  a  t r e m e n d o u s  s o u r c e  o f  p h y s i c s  k n o w l e d g e ,  p a r t i c u l a r l y  2 10 P o ;  c h i l d r e n ;  
w i n e ,  f o r  w h i c h  t h e  E P S R C  i s  d u l y  r e c o g n i s e d ;  a n d  s p o r t i n g  b a n t e r .  I  d e r i v e  n o  p r i d e  
f r o m  c o m p r e h e n s i v e  s q u a s h  d e f e a t s ,  m e t e d  o u t  i n  a l a r m i n g  r e g u l a r i t y  b y  a  b u x o m  3 9  
y e a r - o l d  m a n .
N e v e r  h a s  m y  t e c h n i c a l  e x p e r t i s e  b e e n  m o r e  a d e q u a t e l y  h i g h l i g h t e d ,  w h e n  s o o n  
a f t e r  c o m m e n c i n g  m y  P h D ,  I  s u c c e s s f u l l y  d e l e t e d  m y  h o m e  d i r e c t o r y  w i t h  t h e  s i m p l e  
L i n u x  c o m m a n d  ‘r m  * ’. M y  s i n c e r e s t  g r a t i t u d e  g o e s  t o  S c o t t  W i l l i a m s  f o r  h i s  e n d u r i n g  
t e c h n i c a l  h e l p  a n d  t u i t i o n ,  w i t h o u t  w h i c h  m y  P h D  w o u l d  h a v e  b e e n  m u c h  m o r e  d i f f i c u l t .  
I t  h a s  b e e n  a  p l e a s u r e  t o  w o r k  w i t h  S c o t t ,  h i s  c a l m  d e m e a n o u r ,  u n q u e s t i o n a b l e  t h i r s t  
f o r  t h e  u p g r a d e  a n d  y e t  q u e s t i o n a b l e  t o l e r a n c e  f o r  a l c o h o l  ( f o r  w h i c h  h e  w a s  d u l y  
a d o r n e d  t h e  n i c k n a m e  “ S p r i t z e r ” ) h a v e  o f t e n  c o n t r i b u t e d  t o  m a n y  p l e a s u r a b l e  t r i p s .
N a t u r a l l y ,  I  m u s t  g iv e  c r e d i t  t o  t h e  i n n u m e r a b l e  s t u d e n t s  a n d  p o s t d o c s  t h a t  I  
h a v e  e n c o u n t e r e d  t h r o u g h o u t  m y  t i m e  a t  t h e  U n i v e r s i t y  o f  S u r r e y .  T h e y  h a v e  p r o v i d e d
a n  e n j o y a b l e  w o r k i n g  a t m o s p h e r e  a n d  l i g h t  r e l i e f  w h e n  t h e  i s o m e r s  g o t  t o u g h  o n  m e .  
I n  p a r t i c u l a r  I  w o u l d  l ik e  t o  t h a n k  M e l  W e b b ,  w h o s e  i r r e p r e s s i b l e  h u n g e r  f o r  s c i e n c e  i s  
i n s p i r i n g ,  y e t  o c c a s i o n a l l y  d i s t u r b i n g ;  A d a m  G a r n s w o r t h y ,  w h o s e  v o d k a  f u e l l e d  j u d g e ­
m e n t  h a s  o f t e n  d e f i e d  n a t u r a l  l a w ,  a n d  f o r  w h i c h  h e  m u s t  h a r b o u r  d a r k  m e m o r i e s ;  N ic k  
T h o m p s o n ,  e n i g m a  t o  t h e  n o r m ;  a n d  e v e r y  f a g  h a g ’s  d r e a m  S t e v e  S t e e r ,  w h o  h a s  m o r e  
f r e e  c l o t h e s  t h a n  t h e  S a l v a t i o n  A r m y .
I  m u s t  a l s o  e x p r e s s  d e e p e s t  t h a n k s  t o  a l l  m y  f r i e n d s  o u t s i d e  t h e  p h y s i c s  b u b b l e :  
P i t t s y ,  N a o m i ,  D a n  a n d  P a u l ,  a m o n g s t  m a n y  o t h e r s .  F i n a l l y  I  o w e  a  v e r y  s p e c i a l  
t h a n k s  t o  M i l e n a  f o r  k e e p i n g  m e  h a p p y  o v e r  t h e  f i n a l  y e a r  o f  m y  P h D ,  a n d  m y  f a m i l y  
f o r  t h e i r  c o n t i n u a l  e n c o u r a g e m e n t  t o  g e t  a  j o b .
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I n t r o d u c t i o n  &  B a c k g r o u n d
C h a p t e r  1
T h e  m o s t  f u n d a m e n t a l  f o r m s  o f  m a t t e r  h a v e  b e e n  t h e  i n t e r e s t  o f  s c h o l a r s  a s  l o n g  
a g o  a s  t h e  G r e e k  p h i l o s o p h e r s ,  w h e n  i n  t h e  4 th  c e n t u r y  B C ,  D e m o c r i t u s  p o s t u l a t e d  
t h e  e x i s t e n c e  o f  a t o m o s : e l e m e n t a r y  b l o c k s  o f  i n d i v i s i b l e  s u b s t a n c e .  T h e  w o r d  a t o m o s  
i n  G r e e k  i s  i n  f a c t  t h e  v e r y  t r a n s l a t i o n  o f  i n d i v i s i b l e .  R e t r o s p e c t i v e l y ,  t h e  f o r e s i g h t  o f  
D e m o c r i t u s  w a s  i n d e e d  r e m a r k a b l e ,  e s p e c i a l l y ,  s i n c e  o v e r  t w o  m i l l e n n i a  l a t e r ,  t h e  e lu c i ­
d a t i o n  o f  t h e  a t o m i c  e n i g m a  w a s  n o  c lo s e r .  I t  w a s  t h e  w o r k  o f  e x p e r i m e n t a l  p h y s i c i s t s  
a n d  c h e m i s t s  i n  t h e  e a r l y  1 9 th  c e n t u r y ,  s u c h  a s  D a l t o n ,  A v o g a d r o  a n d  F a r a d a y ,  t h a t  
i n i t i a t e d  t h e  c o n t e m p o r a r y  u n d e r s t a n d i n g  o f  a t o m s .  I n  t h e  t i m e  s i n c e ,  m a n y  o f  t h e  
m o s t  f a m o u s  p h y s i c i s t s  h a v e  c o n t r i b u t e d  t o  t h e  s u b j e c t  o f  a t o m i c  a n d  n u c l e a r  p h y s i c s ,  
i n c l u d i n g ,  f o r  e x a m p l e ,  E i n s t e i n  [1], R u t h e r f o r d  [2], F e r m i  [3] a n d  B o h r  [4]. D e m o c r i ­
t u s  c o u l d  p r o b a b l y  b e  f o r g i v e n  f o r  p o s t u l a t i n g  t h a t  a t o m s  a r e  i n d i v i s i b l e  m a t t e r ;  i t  i s  
p e r h a p s  i r o n i c  t h a t  d i v i d i n g  t h e  i n d i v i s i b l e  h a s  s i n c e  m o u l d e d  o u r  w o r l d  s o  p r o f o u n d l y .  
N u c l e a r  p h y s i c s  h a s  p l a y e d  a  v e r y  p r o m i n e n t  r o l e  i n  t w e n t i e t h  c e n t u r y  s c i e n c e ,  s o  t h a t  
t o d a y ,  t h e r e  e x i s t s  a  r e f i n e d  u n d e r s t a n d i n g  o f  m i c r o s c o p i c  p h e n o m e n a  t h a t  o c c u r  i n  
a t o m i c  n u c le i .
L o c a t e d  a t  t h e  c e n t r e  o f  a n  a t o m  e x i s t s  t h e  a t o m i c  n u c l e u s ,  c o m p r i s e d  o f  n e u t r o n s  
a n d  p r o t o n s  t h a t  m o v e  a r o u n d  i n  a  n u c l e a r  p o t e n t i a l  t h a t  d e r i v e s  f r o m  t h e  s t r o n g ,  
s h o r t - r a n g e  n u c l e a r  f o r c e s  b e t w e e n .  M a n y  n u c l e a r  m o d e l s  h a v e  b e e n  u s e d  t o  d e s c r i b e  
t h e  e m p i r i c a l  p r o p e r t i e s  o f  t h e  n u c l e u s ,  r e f l e c t i n g  b o t h  t h e  m i c r o s c o p i c  i n t e r a c t i o n s  
b e t w e e n  i n d i v i d u a l  n u c l e o n s ,  s u c h  a s  p a i r i n g  e f f e c t s ,  a n d  t h e  m a c r o s c o p i c  b e h a v i o u r  
o f  a l l  t h e  n u c l e a r  c o n s t i t u e n t s  i n  t h e  f o r m  o f ,  f o r  e x a m p l e ,  c o l l e c t i v e  r o t a t i o n .  O n e
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e m p i r i c a l  m e a s u r e  t h a t  c a n  b e  u s e d  t o  s t u d y  a  v a r i e t y  o f  t h e s e  p h e n o m e n a  i s  t h e  
l i f e t i m e  o f  s t a t e s ,  i n  p a r t i c u l a r  v e r y  l o n g - l i v e d ,  o r  i s o m e r i c ,  s t a t e s .
T h e  l i f e t i m e s  o f  e x c i t e d  n u c l e a r  s t a t e s  a r e  t y p i c a l l y  o f  t h e  o r d e r  r  ~  1 0 “ 12  s , b u t  i n  
c i r c u m s t a n c e s  t h a t  w e  w i l l  s h o r t l y  d i s c u s s ,  t h e y  c a n  e x i s t  f o r  m u c h  l o n g e r  ( r  >  1 0 - 9  s ) .  
T h e  f u n d a m e n t a l  r e a s o n  f o r  t h e  e x i s t e n c e  o f  i s o m e r i c  s t a t e s  d e r i v e s  f r o m  a  l a r g e  c h a n g e  
i n  e i t h e r  s h a p e , s p i n  o r  c o n f i g u r a t i o n  b e t w e e n  a n  i s o m e r  a n d  t h e  s t a t e  t o  w h i c h  i t  d e c a y s .  
A n  e x c i t i n g  e x a m p l e  o f  t h e  f o r m e r  a r e  s t a t e s  w i t h  m u c h  l a r g e r  d e f o r m e d  s h a p e s  t h a n  
t h o s e  o f  t h e  l e v e l s  t o  w h i c h  t h e y  d e c a y ,  n a m e l y  f i s s io n  i s o m e r s  [5]. S p i n  i s o m e r s  e x i s t  
d u e  t o  l a r g e  c h a n g e s  i n  m a g n i t u d e  a n d / o r  o r i e n t a t i o n  o f  t o t a l  a n g u l a r  m o m e n t u m  i n  
t h e  n u c l e u s .
I t  w a s  v o n  W e i z s a c k e r  [6 ] i n  1 9 3 6  w h o  r e a l i s e d  t h a t  d e c a y  r a d i a t i o n  m u s t  t a k e  
a w a y  t h e  d i f f e r e n c e  i n  a n g u l a r  m o m e n t u m  b e t w e e n  t w o  s t a t e s ,  a n d  s i n c e  t h e  t r a n s i t i o n  
p r o b a b i l i t y  d e c r e a s e s  d r a m a t i c a l l y  f o r  r a d i a t i o n  w i t h  i n c r e a s i n g  a n g u l a r  m o m e n t u m  ( o r  
m u l t i p o l a r i t y ) ,  i s o m e r i c  s t a t e s  c a n  b e  f o r m e d .  I s o m e r s  t h a t  d e c a y  v i a  h i g h  m u l t i p o l a r i t y  
t r a n s i t i o n s  a r e  o f t e n  r e f e r r e d  t o  a s  s p i n  t r a p s .  T h e  m o s t  e x t r e m e  e x a m p l e  o f  s u c h  i s  
t h e  i s o m e r  i n  180T a  t h a t  d e c a y s  w i t h  a  h a l f - l i f e  o f  T x/ 2 >  1 0 15  y r .  T h e  i s o m e r  e x i s t s  a t  
e x c i t a t i o n  e n e r g y  E x =  7 5  k e V  w i t h  a n g u l a r  m o m e n t u m  I  —  9  Tl, p o t e n t i a l l y  d e c a y i n g  
t o  t h e  g r o u n d  s t a t e  ( w i t h  I  =  1  K ) v i a  a  t r a n s i t i o n  t h a t  c a r r i e s  w i t h  i t  8  u n i t s  o f  
a n g u l a r  m o m e n t u m  (A  =  8 ) .  S p i n  t r a p s  o f t e n  o c c u r  w h e r e  t h e  s t r u c t u r e  o f  a  n u c l e u s  
i s  d o m i n a t e d  b y  m ic r o s c o p i c  i n t e r a c t i o n s  b e t w e e n  i n d i v i d u a l  n u c l e o n s ,  w h i c h  p r o d u c e  
s t a t e s  w i t h  l a r g e  d i f f e r e n c e s  i n  a n g u l a r  m o m e n t u m .
I s o m e r i c  s t a t e s  c a n  a l s o  o c c u r  d u e  t o  a  l a r g e  c h a n g e  i n  t h e  o r i e n t a t i o n  o f  a n g u l a r  
m o m e n t u m  b e t w e e n  s t a t e s ,  t h a t  i s ,  t h e  c o n s e r v a t i o n  o f  t h e  a n g u l a r  m o m e n t u m  v e c t o r  
m u s t  a l s o  b e  c o n s i d e r e d ;  i t s  d i r e c t i o n  a s  w e l l  a s  i t s  m a g n i t u d e .  T h e s e  i s o m e r s  e x i s t  
i n  n u c l e i  w i t h  a x i a l l y - s y m m e t r i c  d e f o r m e d  n u c l e a r  s h a p e s ,  t h a t  a r e  f o r m e d  d u e  t o  
m a c r o s c o p i c  i n t e r a c t i o n s  b e t w e e n  a  l a r g e  n u m b e r  o f  n u c l e o n s .  T h e  d e f o r m a t i o n  i s  
i m p o r t a n t  s i n c e ,  i n  a  q u a n t a l  s y s t e m ,  s p h e r i c a l  s h a p e s  h a v e  n o  d i s t i n g u i s h a b l e  i n t e r n a l  
c o - o r d i n a t e  s y s t e m .  I n  a n  a x i a l l y - s y m m e t r i c  d e f o r m e d  n u c l e a r  s y s t e m ,  t h e  a n g u l a r  
m o m e n t u m  p r o j e c t i o n  o n  t h e  a x i s  o f  s y m m e t r y  ( c a l l e d  t h e  K  q u a n t u m  n u m b e r )  m u s t  
b e  c o n s e r v e d  ( i f  K  i s  c o n s i d e r e d  a  g o o d  q u a n t u m  n u m b e r ) .  L a r g e  c h a n g e s  i n  K  s h o u l d  
t h e r e f o r e  b e  a c c o m p a n i e d  b y  l o n g  l i v e d  s t a t e s ,  s o  c a l l e d  K  i s o m e r s .  A  K  i s o m e r  o f
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p a r t i c u l a r  n o t e  i s  t h e  I  =  K  —  8  f t ,  T i / 2  =  4 5  s t a t e  i n  17SH f  w h i c h  d e c a y s  t o  a  s t a t e  
w i t h  t h e  s a m e  t o t a l  a n g u l a r  m o m e n t u m ,  b u t  w i t h  K  —  0 . D e s p i t e  t h e  l o n g  l i f e t i m e s  
a s s o c i a t e d  w i t h  K  i s o m e r s ,  t h e  K  q u a n t u m  n u m b e r  i s  o n l y  p a r t i a l l y  c o n s e r v e d  d u e  
t o  s u b t l e  n u c l e a r  s t r u c t u r e  p r o p e r t i e s  ( K  m i x i n g )  t h a t  a r e  d i s c u s s e d  i n  m o r e  d e t a i l  
t h r o u g h o u t  t h i s  t h e s i s .
1.1 M o tiv a tio n
T h e  w o r k  o u t l i n e d  i n  t h i s  t h e s i s  s e e k s  t o  e x a m i n e  n u c l e i  w h e r e  K  i s o m e r s  h a v e  
b e e n  p r e d i c t e d  u s i n g  m o d e l  b a s e d  c a l c u l a t i o n s .  T h i s  w i l l  p r o v i d e  f u r t h e r  e m p i r i c a l  d a t a  
f o r  t h e  u n d e r s t a n d i n g  o f  K  m i x i n g  e f f e c t s  t h a t  a r e  n o t  y e t  q u a n t i t a t i v e l y  u n d e r s t o o d .  
I t  i s  a l s o  i n t e n d e d  t o  s t u d y  s p i n - t r a p  i s o m e r s  i n  s p h e r i c a l  n u c l e i  w h e r e  t h e  o b s e r v a b l e  
n u c l e a r  s t r u c t u r e  d e r i v e s  e n t i r e l y  f r o m  m ic r o s c o p i c  n u c l e o n - n u c l e o n  i n t e r a c t i o n s .  T h i s  
e m p i r i c a l  e v i d e n c e  is  i m p o r t a n t  t o  c o m p a r e  w i t h  m o d e l  b a s e d  c a l c u l a t i o n s ,  w h i c h ,  i n  
t u r n ,  h e l p  t o  e v o lv e  t h e  n u c l e a r  m o d e l s  t h a t  r e p r e s e n t  o u r  c u r r e n t  u n d e r s t a n d i n g  o f  
n u c l e a r  s t r u c t u r e .
C h a p t e r  2
N u c l e a r  S t r u c t u r e
T h i s  c h a p t e r  a t t e m p t s  t o  h i g h l i g h t  a n d  e x p l a i n  s o m e  o f  t h e  k e y  t h e o r i e s  a n d  
c o n c e p t s  t h a t  a r e  i m p o r t a n t  t o  t h e  m o t i v a t i o n  o f  t h e  e x p e r i m e n t  a n d  t h e  i n t e r p r e t a t i o n  
o f  t h e  d a t a .  A  s e l e c t i o n  o f  t h e o r e t i c a l  c a l c u l a t i o n s  u s e d  i n  t h i s  t h e s i s  a r e  a l s o  e x p l a i n e d .
2.1 T h e  Shell M o d el
2 .1 .1  T h e  In d ep en d en t-P a r tie le  M od el
T h e  a c c u m u l a t i o n  o f  e m p i r i c a l  d a t a  o v e r  t h e  l a s t  h a l f  c e n t u r y  h a s  p r o v i d e d  r e ­
m a r k a b l e  e v i d e n c e  f o r  t h e  e x i s t e n c e  o f  a  n u c l e a r  s h e l l  s t r u c t u r e ,  a n a l o g o u s  t o  t h a t  
o b s e r v e d  i n  a t o m i c  s h e l l  s t r u c t u r e .  S y s t e m a t i c  c h a n g e s  o v e r  p r o t o n  a n d  n e u t r o n  n u m ­
b e r s  s u c h  a s  b i n d i n g  e n e r g y ,  n e u t r o n  a n d  p r o t o n  s e p a r a t i o n  e n e r g i e s ,  n u c l e a r  s i z e ,  s p i n  
a n d  l e v e l  d e n s i t y  i n d i c a t e  c lo s e d  s h e l l s ,  o r  m a g i c  n u m b e r s  f o r  2 , 8 , 2 0 ,  2 8 ,  5 0 ,  8 2  a n d  
1 2 6  n e u t r o n s  o r  p r o t o n s .  D e s p i t e  t h e  a s s o c i a t i o n  i n  n a m e  a n d  a p p e a r a n c e ,  t h e  o r i g i n  
o f  a t o m i c  a n d  n u c l e a r  s h e l l  s t r u c t u r e s  a r e  v e r y  d i f f e r e n t .  W h i l s t  t h e  e l e c t r o n i c  s h e l l s  
i n  a t o m s  a r e  d r i v e n  b y  t h e  C o u l o m b  i n t e r a c t i o n  b e t w e e n  e l e c t r o n s  a n d  p r o t o n s ,  n u ­
c l e a r  s h e l l  s t r u c t u r e  d e r i v e s  f r o m  f o r c e s  b e t w e e n  n e u t r o n s  a n d  p r o t o n s ,  w h i c h  c a n  b e  
s i m p l i f i e d  f o r  m a n y  p u r p o s e s  i n  t h e  f o r m  o f  a  c o l l e c t i v e l y  g e n e r a t e d  p o t e n t i a l .
F o r  s i m p l i c i t y ,  l e t  u s  c o n s i d e r  a  n u c l e u s  w i t h  Z  p r o t o n s  a n d  N  n e u t r o n s  t h a t  
i n t e r a c t  w i t h  t w o - b o d y  f o r c e s  a n d  o b e y  t h e  t i m e - i n d e p e n d e n t  S c h r o d i n g e r  e q u a t i o n
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F i g u r e  2 . 1 :  N e u t r o n  s in g l e - p a r t i c le  s t a t e s  i n  208P b  w i t h  t h r e e  m o d e l s  fo r  n u c le a r  
p o t e n t i a l :  h a r m o n ic  o s c i l l a to r  ( le f t ) ,  W o o d s - S a x o n  ( c e n t r e )  a n d  W o o d s - S a x o n  p lu s  
s p i n - o r b i t  i n t e r a c t io n  ( r i g h t ) ,  t a k e n  f r o m  [7]. T h e  n u m b e r s  i n  t h e  s q u a r e  b r a c k e t s  
r e p r e s e n t  t h e  n u c le o n  o c c u p a n c y  fo r  e a c h  s t a t e .
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( ^ v2+F(r)) |5,>=B|$> (2-x) 
where V (r) is the potential and |CI> > is the wave function that provides the energy
eigenvalue, E . We begin by considering a harmonic oscillator potential given by [8]
V(r) = r2 (2.2)
where |mcj2r2 is the potential energy of a particle in a harmonic oscillator with fre­
quency co and mass m . For a three-dimensional harmonic oscillator, energy eigenval­
ues Eni can be written as [9] Eni = (N + | )Huj = (2n  + I + §)ftw, where the har­
monic oscillator quantum number is defined by N , the principal quantum number is 
n(= 0 , 1 , 2 ,3,...) and the orbital angular momentum I is labelled with s,p, d, / , g , h ,... 
for values I =  0,1,2,3,4,5,.... The left side of Fig. 2 .1  shows the energy of the har­
monic oscillator states with a level degeneracy of [9] D(N) = |(1V -|- 1)(N + 2). It is 
clear that the nuclear potential is not accurately represented by the harmonic oscilla­
tor, since the oscillator levels do not represent the empirically observed magic numbers 
above N  or Z=20.
The average nuclear potential arises from the short-range attractive nucleon- 
nucleon interaction. The nuclear potential can therefore be represented by a function 
that approximates the nucleon-density distribution, which is close to the Woods-Saxon 
shape [10], determined from empirical observations in 208Pb. The Woods-Saxon poten­
tial is given by
U r) = l A '  (2'3)
where r  is the radial distance from the centre of the potential, a is the parameter that 
determines how sharply the potential decreases to zero (typically a ~  0.6 fm )  and R  
is the radius at which V(r) =  —Vo/2 where Vo defines the depth of the potential. The 
shape of the Woods-Saxon potential is similar to that formed by the addition of an 
attractive 12 term to the harmonic oscillator potential, which is occasionally used for 
analytical simplicity. The middle of Fig. 2 .1  shows the energy of the states calculated 
with the Woods-Saxon potential, such that states with larger angular momentum are 
lowered. One can see from the middle of Fig. 2.1, that the degeneracy of levels in
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the harmonic oscillator is broken. However, despite the use of a more physical nuclear 
potential, the empirically observed shell closures are still not reproduced.
The successful replication of the magic numbers was achieved with the inclusion 
of spin-orbit coupling to a square-well potential. This was published simultaneously by 
M. Goeppert-Mayer [11] and J. H. D. Jensen [1 2 ] et a l, for which they each received a 
quarter of the Nobel Prize for Physics in 1963. The idea is analogous to atomic spin- 
orbit coupling where the magnetic moment of an electron interacts with the magnetic 
field generated by its motion around the nucleus. The spin-orbit term provides [8]
M.s =  -V L ± f r l l . s  (2.4)
where 1 and s are the orbital angular momentum and the intrinsic spin vectors for which 
the total angular momentum j=l-f-s, V (r)  is the realistic nuclear potential chosen for 
the central potential (such as the Woods-Saxon potential) and Vis is a strength constant. 
From Pythagoras’ theorem one can obtain
>= - i ( j 2 -  l2 -  s2)|% > =  - i [  j ( j  +  1) -  1) -  +  1)]|$3- > (2.5)
where j ,  I and s are quantum numbers for the total angular momentum, orbital angular 
momentum and intrinsic spin of the particle respectively. It follows that
I
< $j=U-i/2| -  l®s|%=i+i/2 >=  — ^  (2 *6)
and
< $j=z-i/2 | — >= H— 2~  (2-7)
so that orbitals with j  = 1+ 1 are lower in energy than those with j  — I — This is the 
converse of the atomic spin-orbit interaction, where high-j electron states are increased 
in energy. The right-hand side of Fig. 2 .1  shows the further lifting of degeneracy by 
including the spin-orbit interaction with the Woods-Saxon potential. The large energy 
gaps at N  or Z ~ 2, 8 , 20, 28, 50, 82 and 126 exactly match the empirically observed 
magic numbers. The total degeneracy of the single particle levels on the right side of 
Fig. 2.1 is given by (2j  + 1).
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According to the Pauli principle, as neutrons or protons are added they go to 
the lowest unoccupied level. Classically, one would expect collisions between nucleons 
in the nuclear potential, but this process is highly suppressed for low-lying states, 
where the nucleons would be scattered into occupied states, which is forbidden by the 
Pauli principle. For even numbers of like nucleons, pairing effects couple nucleons to 
angular momentum J  =  |J| = Yh ji= 0, and so for even-even nuclei, the spherical shell 
model predicts nuclear ground states with spin and parity J7r = 0+. This is consistent 
throughout all empirical observations.
Since even numbers of nucleons contribute J  = 0, the ground-state angular mo­
mentum of an odd mass (spherical) nucleus with a particle (hole) in a shell n lj  is equal 
to j  with parity tt — (—l)z. For example, by inspection of the right side of Fig. 2.1, one 
would expect the ground-state spin of 2oCa2i, with 1 neutron outside the N —20 core, to 
.have spin and parity I n — 7/2“, and likewise, the single neutron-hole nucleus li7Pbi26 
to have J77 = 1/2“. These predictions are consistent with empirical observations [13], 
and are correct for all spherical (near-closed-shell) nuclei.
2 .1 .2  M u lti-P a rtic le  C on figu rations
We have shown that the spherical shell model provides a comprehensive under­
standing of empirically observed magic numbers in atomic nuclei. This description also 
extends to spherical odd-mass nuclei, for which ground-state spins are successfully pre­
dicted by inspection of Fermi levels in the independent-particle picture (such as that 
in Fig. 2.1). These results are impressive in both their accuracy and simplicity, but so 
fax only offer a description for nuclear ground states. For excited nuclear states, with 
complex linear combinations of multi-particle wave functions, the picture is not simple 
and contains a number of subtle and profound effects that are beyond the scope of 
this thesis. However, we will attempt to summarise some of the important results for 
multi-particle excitations in the spherical shell model, based predominantly on the 5  
residual interaction and its effect on state energies. For a comprehensive understanding 
of these results, the author recommends the very eloquent text by Casten [8], and the 
more complete descriptions of Talmi [14].
Semi-classically, the coupling of two particles with angular momentum j i  and j2
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can form a final state with integer values of angular momentum J  in the range
\ h - h \  < J  < j i + j 2 - (2 .8)
Quantum mechanically, the Pauli principle, which requires that the total wave 
function be antisymmetric, can play a very important role in the selection of allowed J  
values. For identical nucleons in equivalent orbits (i.e. n f i i j i  — n2?2j2) the total isospin 
(T = Ti+T2 =  1) has a symmetric wave function which, in turn, requires that the space- 
spin wave function be antisymmetric. It can be shown [8] with arguments of symmetry, 
that for identical nucleons in equivalent orbits, the coupled angular momentum has 
only even values J  =  0,2,4, ...(2j  — 1). For the case of non-identical nucleons, the 
total isospin can have values of T  =  1 or 0 (symmetric and antisymmetric isospin wave 
functions respectively). For the case where T  — 1, the proton-neutron (p-n) isospin 
wave function is symmetric, and is identical to the preceding n-n and p-p cases, where 
J  is coupled to only even values of spin. Together the p-n system has all J  values from 
0 to 2j  so that the T  =  0 (antisymmetric isospin wave function) system contains only 
the odd J values.
The J-Function Residual Interaction
The 5 interaction by definition is a radial interaction that is equal to zero unless 
the particles occupy the same spatial position. This can be understood intuitively, since 
the nuclear force is effective at short ranges. If one considers the classical overlap of 
the particle orbits alone, then one can assume that the 5 interaction is largest for J  =  0 
or J  =  Jmaxy for which the two particle angular-momentum vectors are antiparallel or 
parallel. This argument is not complete, since one must also include antisymmetrisation 
of the total wave function (Pauli principle). These symmetry arguments, detailed in 
the suggested texts, provide some intriguing results.
(i) An antisymmetric spatial wave function vanishes at the only point where the residual 
interaction is effective, i.e. ri =  r2. The isospin or spin parts of the total wave function 
must therefore be antisymmetric in order to agree with the Pauli principle.
(ii) For identical nucleons (with symmetric isospin (T = 1) wave function) in equivalent 
orbits, the energetic degeneracy of the J  =  0,2,4...(2jf -  1 ) states is broken, with the
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F i g u r e  2 .2 :  E n e r g y  s h i f t s  f o r  a  ^ - f u n c t io n  r e s i d u a l  i n t e r a c t io n  fo r  i d e n t i c a l  n u c le o n s  
in  e q u iv a le n t  o r b i t s ,  t a k e n  f r o m  [8 ].
energy of the J  — 0 state lowered most (shown in Fig. 2.2). The energy difference 
between the J  =  0 state and the unperturbed level is proportional to (2j  +  1). This 
effect is evident in Fig. 2.2, where the energy of the states affected by the 5 residual 
interactions are lower for orbitals with increasing j .
2.2 T h e  D efo rm ed  Shell M o d el
The structure of nuclei far from closed shell boundaries is not described accu­
rately by the spherical shell model. In order to understand experimentally observed 
phenomena in these nuclei, such as rotation and large quadrupole moments, one must 
introduce the concept of deformed nuclear shapes.
A deformed nuclear volume can be parameterised with the length of the radius 
vector from the origin to the surface, given by [15]
/ 00 A \
R { 6 , </,) =  i?o 1 +  E "AX x / e ,  </,) (2.9)
\ A=2 A J
where 0 7  ^are the coefficients of the spherical harmonics Y \jL{9, (f) and R q is the average 
radius. The A = 1 terms are not included since they equate to a translation of the 
centre of mass, or monopole shift. An expression for the axially symmetric quadrupole
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(A  =  2 )  d e f o r m a t i o n ,  i n d e p e n d e n t  o f  </>, i s  g i v e n  b y
R ( e )  =  R Q ( l  +  f32Y 20( 6 ) )  ( 2 .1 0 )
w h e r e  i n c r e a s i n g  (32 i n d i c a t e s  i n c r e a s i n g  m a g n i t u d e  o f  d e f o r m a t i o n .  F o r  p o s i t i v e  a n d  
n e g a t i v e  v a l u e s  o f  (32 t h e  n u c l e u s  i s  p r o l a t e  o r  o b l a t e  r e s p e c t i v e l y ,  a n d  w i t h  i n c r e a s i n g  
(32 g o e s  t h e  m a g n i t u d e  o f  d e f o r m a t i o n .  T h e  d e f o r m a t i o n  p a r a m e t e r s  5  a n d  e 2 a r e  
s o m e t i m e s  u s e d ,  a n d  c a n  b e  r e l a t e d  t o  (32 b y  [13]
A  R
TD ’-1-W.m.s.
e2 =  5 + ^ 2 + ^ 5 3 +  | ^ 4 +  . . . ,
A “  V I  ( i ea + I s*+ + ^ + ••■) • (2-n )
T h i s  p i c t u r e  c a n  b e  e x t e n d e d  t o  h i g h e r  m u l t i p o l e s  (A  =  3  -  o c t u p o l e ,  A =  4  - 
h e x a d e c u p o l e ,  e t c . )  a n d  a x i a l l y  a s y m m e t r i c  q u a d r u p o l e  s h a p e s .  T h e  a x i a l  a s y m m e t r y ,  
o r  t r i a x i a l i t y , o f  a  n u c l e u s  i s  g o v e r n e d  b y  t h e  7  d e g r e e  o f  f r e e d o m ,  d e f i n e d  b y  [16 ],
a 20 =  (82 COS 7 ,
1
» 2 2  =  « 2 - 2  =  2 s i n  7 , ( 2 .1 3 )
w i t h  a 2\  —  0 :2 - 1  =  0 .  T h e  7  d e f o r m a t i o n  p a r a m e t e r  r a n g e s  f r o m  0 °  t o  6 0 ° ,  c o r r e ­
s p o n d i n g  t o  p r o l a t e  a n d  o b l a t e  s h a p e s  r e s p e c t i v e l y ,  w h i l s t  7  =  3 0 °  i s  c o n s i s t e n t  w i t h  a  
c o m p l e t e l y  t r i a x i a l  s h a p e .
2.2 .1  T h e  N ilsso n  M o d el
I n  t h e  d e f o r m e d  s h e l l  m o d e l ,  o n e  m u s t  c o n s i d e r  t h e  e f f e c t  o f  d e f o r m a t i o n  o n  s i n g l e ­
p a r t i c l e  e n e r g i e s .  T h e  N i l s s o n  m o d e l  i s  a n  e x t e n s i o n  o f  t h e  s p h e r i c a l  s h e l l  m o d e l  w h i c h  
u t i l i s e s  a  d e f o r m e d  h a r m o n i c  o s c i l l a t o r  p o t e n t i a l  w i t h  t h e  a d d i t i o n  o f  t h e  l 2 p o t e n t i a l  
t h a t  a p p r o x i m a t e s  t h e  s h a p e  o f  t h e  d e f o r m e d  n u c l e u s  ( o n e  c o u l d  a l s o  u t i l i s e  a  m o r e  
p h y s i c a l  n u c l e a r  p o t e n t i a l ,  s u c h  a s  a  d e f o r m e d  W o o d s - S a x o n ,  h o w e v e r ,  f o r  s i m p l i c i t y
(&o
o0)
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Figure 2.3: Nilsson diagram for protons, 50< Z  <82, taken from Ref. [17]. The 
ordinate axis in units of Tiuq =  4D4-1/3 M eV  [13]
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we shall continue to use the harmonic oscillator plus l2 potential). The total one- 
particle Nilsson Hamiltonian for a nucleus with axial symmetry (where u x — toy f  ojz) 
is expressed by [18]
H  — ~ ~  +  [tol(x2 + y 2) +  a>222] + Cl.s + Dl2 (2.14)
where m  and p are the mass and momentum of the particle respectively, and the l2 and 
spin-orbit l.s terms ensure the correct order and energies of the single-particle levels 
in the spherical limit [8]. Figure 2.3 shows Nilsson single-particle energies for protons 
in the 50 < N  < 82 region. The energy of states now depends upon the projection of j  
onto the symmetry axis, f2 (shown in Fig. 2.4), for which there are (2j  + 1) values for 
each j .  Levels with -j-f2 and — Tl have the same energy, due to reflection of symmetry 
of axially symmetric nuclei, so that each state is doubly degenerate. The evolution of 
energy with increasing nuclear deformation depends upon the sign of the deformation 
parameter (32 (or e2), since the energy of the particle changes with the magnitude of 
overlap with the nuclear core. For a prolate shape (j32 > 0), high (low)-O orbitals are 
pushed up(down) in energy, whilst for oblate shapes {/3 < 0) they are pushed down(up) 
in energy. Each of the Nilsson states in Fig. 2.3 is labelled with the quantum numbers 
shown schematically in Fig. 2.4
W [ N n zA] (2.15)
where the projection of total angular momentum on the axis of symmetry , is 7r is 
the parity; N  is the principal quantum number; n z is the number of nodes in the wave 
function in the £ direction; and A is the projection of the orbital angular momentum 
on the symmetry axis (£2 = A ±  1/2). The orbital angular momentum I and the spin s 
quantum numbers are not conserved in the deformed shell model (i.e. they are not good 
quantum numbers); N , n z and A are only good quantum numbers at asymptotically 
large deformation. Only the Q and n  quantum numbers are conserved in the Nilsson 
model; mixing occurs when orbitals with the Q and 7r quantum numbers are close in 
energy. One can see in Fig. 2.3 that orbitals with the same 0 7  quantum numbers 
repel as they approach each other (for example the 5/2[402] and 5/2 [624] negative 
parity orbitals at e 2 ~  0.4) due to the Pauli principle. Properties of the levels become
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^ Rotation (z) Axis
F igure 2.4: A diagram illustrating the asymptotic quantum numbers for the de­
formed shell model.
interchanged at the crossing point and the wave functions corresponding to the two 
levels far from the crossing point are the same as if there had been no interaction at 
all.
2.3 C o llec tive  M o tio n
The shell model is very effective in predicting the ground-state spins and parities 
of nuclei. However, for nuclei far from closed shells, a large number of single particles 
and the residual interactions between them can play an important role. This makes 
the shell model impractical, where states can be more easily described using collective 
degrees of freedom. Vibrational modes of collectivity are not restricted by the shape 
of a nucleus, however rotational collectivity implies a static deformation.
In an axially symmetric nucleus, the quantum mechanical description defines the 
impossibility of distinguishing orientations when the nucleus rotates around the axis 
of symmetry. Consequently, the rotational angular momentum vector R is always per­
pendicular to the axis of symmetry (see Fig. 2.4). The magnitude of rotational angular
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momentum of a quantum rotor in an axially symmetric nucleus can be expressed by 
[19]
R  =  / r U  +  f i - i f 2 (2.16)
where I  is the total angular momentum of the state and K  is the projection of total 
angular momentum on the axis of symmetry. The energy of the rotational state is 
given by
E = V [ I ( I  + l ) - K 2] (2.17)
where O' is the static moment of inertia. Thus, for an even-even nucleus, where K  — 0 in 
the ground state, the ratio of I 71 =  4+ and 2+ state energies should be approximately 
3.33. This is empirically consistent for a large number of well-deformed nuclei, for 
example, in 178Hf the E 4+/ E 2 + ratio is equal to 3.29.
The single-particle angular momentum j can couple to the rotational angular 
momentum of the deformed nuclear core. Depending on the orientation of the particle, 
the coupling of the nucleus and the particle can be described by two limits, expressed 
schematically in Fig. 2.5: (a) strongly coupled or (b) weakly coupled [19]. In the 
strongly-coupled limit the motion is coupled to a well-deformed rotating field. In this 
case the spin values of the rotational band are given by [19]
I  = K,  K  +  1, K  +  2 , K  + 3,... (2.18)
The energies of these states are given by Equ. 2.17, shown in Fig. 2.5(a) for the 
strongly coupled limit.
In the weakly coupled limit the particle typically moves in a weakly deformed 
field, with the angular momentum of the particle aligned with the rotational angular 
momentum of the nuclear core. In this limit the rotation is fast enough that the 
Coriolis forces align the particle motion, in much the same way as wind directions 
on earth are modified by the earths rotation. Coriolis forces in deformed nuclei, are 
particularly important for orbitals with high-j and low-O. The Coriolis operator on a 
single orbiting particle can be written by [20]
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F igu re 2.5: Angular-momentum coupling schemes for a particle coupled to a rotat­
ing nuclear core in (a) the strongly-coupled (or deformation-aligned) limit and (b) 
the wealdy-coupled (or rotation-aligned) limit. A typical rotational band structure 
is shown in each case. Taken from [19].
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(2.19)
The structure of excited states for a particle weakly coupled to a nucleus with increasing 
rotational angular momentum is determined by the particle wave function. The spin 
values of the yrast band members are given by [19]
Yrast states are defined as the lowest energy level for a particular spin value, and 
are important since they are observed with most intensity in high-spin experiments 
(see Section 3.1). The states from Equ. 2.20 are depressed in energy (see the band 
structure in Fig. 2.5 (b)) compared with the intermediate-spin levels that correspond 
to the angular momentum of the particle with less alignment to the rotation.
2.4 Q u a s ip a rtic le  E x c ita tio n s
Pairing correlations between nucleons are a very important part of the nuclear 
model. The importance of the extra binding energy provided by pairs of like-nucleons 
can be appreciated through the relative abundance of even-even (166), even-odd (1 1 0 ) 
and odd-odd (9) stable nuclear ground states across the Segre chart. In the semi- 
empirical mass formula the binding energy due to pairing is provided by the term
where the units of 5(A) are in M e V .
In a deformed nucleus, the probability amplitudes for the k th orbital being oc­
cupied and unoccupied by a pair of particles are vk and u k respectively, such that
I  = J>3 +  2,J + 4,... (2 .20)
[9]
3 4 .A“ 3/4 f o r  even — even
5(A) = < o f o r  odd — even > nuclei
—3 4 .A .- 3 / 4 f o r  odd — odd
(2 .2 1 )
[9]
M 2 +  \uk\2 = i. (2 .2 2 )
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For a nucleus in its ground state, orbitals close to the Fermi surface have occupation 
probabilities of less than 1  (vE < 1). This is due to pairs of nucleons near the Fermi 
surface scattering between single-particle states. When a single particle is excited to an 
orbital with a partial occupation probability, nucleon pairs can no longer scatter into 
the orbital due to the Pauli principle and the probability of occupation for a nucleon 
pair becomes zero. This effect is called blocking. The energy of the single-quasiparticle 
state is given by [8]
E k =  j ( s k -  m)2 -  A2 (2.23)
where is the single-particle energy for Nilsson state k, p  is the Fermi energy (in a 
macroscopic system the Fermi energy is defined as the energy where the occupation 
probability is equal to one half), and A is the pair gap expressed by [9]
A =  G Y  vkUk (2.24)
k^ki
scaled by the monopole pairing strength, G . The level indicated by k i is blocked by 
an unpaired nucleon and does not contribute to the pairing energy.
From the definition of v% in Equ. 2.22, the total number of particles is given by
n  = 2 (2.25)
k
and the probability of state occupation is given by [8]
(2.26)
Equations 2.25 and 2.26 define the Fermi surface.
2 1 
vk 2 1 -
Gk -  aO
E k
2.5 K -Iso m erism
There are a great deal of publications that approach RT-isomerism in eloquent 
detail, and whilst this section seeks to discuss key aspects of this phenomenon, the 
author recommends literature in Refs. [2 1 , 22], and the references provided therein, 
for a rigorous treatment of the subject.
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Sections 2.3 and 2.4 detail how effectively angular momentum can be generated 
in deformed nuclei by collective rotation, in comparison to the relatively high energy 
required to break a pair of nucleons (discussed in Section 2.6.1), and couple them to a 
state of non-zero angular momentum (~1.5 MeV). For example, in 178Hf the rotational 
J7r = 6+ state in the ground-state band occurs at energy E x =  632 keV , whilst a level 
with the same spin and parity is generated by coupling a broken pair of protons (in 
5/2 [402] and 7/2 [404] orbitals [23]) at E x = 1554 keV . The two quasiproton state is sig­
nificantly non-yrast (by over 900 JfceV), and decays with high energy, low multipolarity 
7  rays. One would expect this state to decay very quickly (by considering electromag­
netic transition rates detailed in Section 3.2), however the empirically observed half-life 
(Ti/2 — 78 ns [24]) is comparatively very long. The origin of this isomeric half-life is 
due to the axial symmetry of the deformed 178Hf nucleus, and the orientation of the 
quasiparticles which have considerable angular-momentum components aligned with 
the axis of symmetry.
Throughout atomic nuclei the most prolific nuclear shape is the prolate spheroid 
(discussed in Section 2 .2 ) which has its axis of symmetry along the long axis. A 
consequence of strong deformation, particularly evident in the (prolate) deformed mass. 
A  ~  180 region, is the approximate conservation of the K  quantum number, which 
is defined as the projection of total angular momentum along the symmetry axis. 
The conservation of the K  quantum number provides a selection rule for an allowed 
electromagnetic decay with multipolarity A, between initial and final states of iQ and 
K f  respectively
|I<i -  K f \ =  A K  < A (2.27)
According to this simple angular-momentum selection rule, a transition between 
states cannot proceed with a multipolarity lower than the change in the K  quantum 
number. However, empirical observations show that the purity of the K  quantum 
number can be violated due to K -m ixing  effects, that will be discussed shortly. Tran­
sitions that do not obey the K  selection rule are often referred to as K-forbidden 
transitions, which are usually emitted with substantially reduced probability (in com­
parison with the usual electromagnetic transition rate). The degree o f forbiddenness
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for a A-forbidden transition is defined by
v  =  A A  — A (2.28)
The extent of hindrance to the transition probability is related to the degree of forbid­
denness and the A-mixing that violates the A-quantum number. A good example of 
large A-forbiddenness is the I n =  A 77 =  8“ , Tj/2 =  4 s isomer in 178Hf which decays 
with v  = 7, via an 89 keV  El transition to the J77 — 8+ member of the ground-state 
band (A = 0). One can obtain a quantitative measure for the magnitude of A mixing 
for a given transition by obtaining the hindrance per degree of A  forbiddenness (or the 
reduced hindrance) given by
fv
T 71/2
rpW
1/2
1 /u
(2.29)
where Tjy2 is the partial 7 -ray half-life and T fj2 is the Weisskopf single-particle es­
timate (both defined in Section 3.2.3). A typical value for the reduced hindrance is 
approximately 100, as discussed by Lobner [25], however, empirically there are con­
siderable variations in reduced hindrance that range from several hundred down to 
approximately 2. The reduced hindrance for the J77 = A 77 =  8“, Tj/2 =  4 5  isomer in 
178Hf is f u =  75.
There are currently three considered nuclear mechanisms that lead to A mixing: 
Coriolis mixing, 7 -deformation tunnelling and level density effects. Coriolis effects, 
discussed in detail by Stephens [26], cause individual nucleons to align their orbital an­
gular momentum with collective rotation (or rotational alignm ent), and are largest for 
high-j, low-0 orbitals. Since A  isomers are associated with orbitals of large O, Coriolis 
effects are generally small, yet significant enough to cause elements of A mixing. Some 
examples of Coriolis mixing are provided by transitions from the A 77 =  35/2“ and 14+ 
isomeric states in 179W [27] and 174Hf [28] respectively.
Section 2.2 discusses the 7  deformation parameter which defines axial symmetry, 
ranging between prolate (7  = 0°), triaxial (7  =  30°) and oblate (7  =  60°) shapes. 
Axial symmetry is intuitively linked to the robustness of the A-quantum number, 
since without such symmetry there can be no definition of A. Even if an isomer and 
the state to which it decays have axially symmetric shapes, it is possible to conceive a
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probability of 7  tunnelling via an axially asymmetric shape. This form of AT-mixing is 
most likely to occur in, for example, high-Z, high-A7 nuclei (within the A  ~  180 region 
of K  isomers) where triaxial shapes are energetically close to axially symmetric energy 
minima [29, 30], This phenomenon is often referred to as 7  softness. Gamma tunnelling 
has been used to describe low hindrance values for transitions from K  isomers in, for 
example, Refs [31, 32, 33].
The level density is also an important factor since, with increasing level density, 
the statistical mixing of states with the same spin (but different K  values) becomes 
significant. The reduced hindrance should therefore depend upon the excitation energy 
of a multi-quasiparticle state relative to the yrast line, with larger AT-mixing effects for 
“hot” states well above the yrast line than for “cold” yrast states. Figure 2.6 shows 
the reduced hindrance of four-quasiparticle isomers as a function of excitation energy 
relative to a rigid rotor, E k  — E r . A clear systematic reduction in f t  is observed for 
states with decreasing yrastness. A more detailed discussion for this of this effect is 
provided in Ref. [34].
2.6 C a lcu la tio n s
2 .6 .1  B lock ed  B C S  C alcu la tion s
Pairing correlations in atomic nuclei (discussed in Section 2.4) can be described 
using the theory of Nobel laureates Bardeen, Cooper and Schrieffer (BCS) [35], who 
successfully explained the theory of superconductivity in metals on the basis of electron 
pair correlations. In superconductivity, there is a pairing force between electrons with 
equal and opposite angular momenta which can be compared to the pairing force 
between like-nucleons in time-reversed orbits. Cooper pairs (electron correlations) are 
broken if sufficient heat is applied to a superconductive metal, whilst increasing the 
internal energy (or temperature) in a nucleus destroys nucleon pairing [36]. Similarly, 
Coriolis forces tend to decouple pairing correlations in a rotating nucleus, analogous 
to the application of a magnetic field to a superconducting metal, which destroys 
electron pairing at a critical magnitude [36]. As the rotational angular momentum of a 
nucleus is increased, the Coriolis force breaks pairs of nucleons, which manifests as an
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energy difference (MeV)
F igure 2.6: Reduced hindrance of transitions from RT-isomers, as a function of 
energy relative to a rigid rotor, taken from [34]. The energy of the rotor is cal­
culated using Equ. 2.17, with K  =  0 and the moment of inertia normalised to 
Q =  85 Ti2M eV~l at A — 178. The solid line indicates a statistical mixing estimate 
for A K  =  6 transitions, normalised at 178Hf (77^=14” ).
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increase in effective moment of inertia from the ground-state superfluid value (equal 
to approximately half that of a rigid rotor). At high angular momentum and/or high 
internal energy, one would expect the nucleus to behave like a rigid rotor as pairing 
correlations are broken [36].
BCS theory treats pairing effects as a perturbation from the mean-field Hamil­
tonian of the nucleus. The probability amplitudes, v k and u k> for the occupation of 
orbitals with pairs of nucleons were introduced in Section 2.4. One can imagine that the 
occupation probability for (bound) orbitals far from the Fermi surface is close to unity, 
since scattering to available orbits would require a large amount of energy. It follows 
that only orbitals close to the Fermi surface need to be considered in BCS calculations, 
consistent with Equ. 2.24 for which there is no contribution to the pair gap energy A 
when vk or u k — 0. The free parameter G  in Equ. 2.24 represents the magnitude of 
interaction between a pair of particles, and is chosen in calculations to reproduce the 
energy of the lowest two-quasiparticle state. Different values of G should be used for 
protons (Gff) and neutrons (Gv) in the A  ~  180 region, since protons and neutrons 
occupy different Nilsson orbitals. The calculation for A involves a summation over all 
k  states which, in accordance with Equ. 2.24, results in a reduction of the pairing 
energy when one or more states are blocked by particle excitations. This blocking of 
available states is the main difference between blocked BCS theory in atomic nuclei 
and BCS theory for superconductivity in metals.
A prescription for blocked BCS calculations is provided in Ref. [37], where the 
deformation parameters (32 and /34, the proton (Z ) and neutron (N ) numbers, and the 
monopole pairing strength for neutrons (Gv) and protons (Gn) are all required. The 
Nilsson single-particle energies ek can be obtained locally from single-quasiparticle 
states in odd-even nuclei, whilst the pair gap A is calculated by blocking particle- 
occupied orbitals. Finally, the energy of the multi-quasiparticle state is calculated by 
combining the energies of the neutron and proton configurations [37]:
Em*, = Y , E l + Y , E l -  (2-30)
hp hv
Blocked BCS calculations according to Ref. [37] do not include the residual 
nucleon-nucleon interaction arising from the coupling of intrinsic spins of the particles,
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defined by Gallagher and Moszkowski [38]. These interactions favour the alignment of 
intrinsic spins for non-identical nucleons and the anti-alignment of like nucleons, which 
usually result in a few hundred k eV  in extra binding energy. Jain et al. [37] compile 
residual interaction energies for nuclei in the A  ~  180 region.
2 .6 .2  P o ten tia l-E n ergy -S u rface  C alcu la tion s
In order to calculate nuclear shape and deformation for specific multi-quasiparticle 
configurations, Xu et al. [29] have developed configuration-constrained potential- 
energy-surface calculations that examine the 7  shape degree of freedom.
The total energy is calculated for a given nucleus and quasiparticle configuration 
over a range of nuclear deformation parameters j32 and 7  (see Section 2.2) by [29]
Etot({32, 7 ? A )  — Eldm +  Es +  Eln (2.31)
such that the total energy is minimised with respect to /?4 (hexadecupole deformation 
parameter) at every point on the (32 — 7  plane. The total energy is decomposed into 
parts: a macroscopic term, E r d m , calculated using the Liquid-Drop Model (LDM) 
with the original parameters from Ref. [39]; a microscopic term, E s , resulting from 
the Strutinski shell correction [40, 41], incorporating single-particle levels from a non- 
axially deformed Woods-Saxon potential [42]; and a configuration dependent pairing 
energy E ln ,  obtained using the Lipkin-Nogami treatment of pairing [41, 43].
L i q u i d  D r o p  M o d e l  a n d  S h e l l  C o r r e c t i o n s
The Liquid-Drop Model [39] has been successful in describing the nucleus in 
macroscopic terms of volume, surface area, Coulomb repulsion, symmetry (neutron to 
proton ( N / Z  ratio) and pairing. There are, however, microscopic nuclear properties 
that cannot be described by the this semi-empirical approach, specifically the discrep­
ancy in binding energy for nuclei at closed nuclear shell boundaries. Brack et. al. [44] 
discuss the relationship between level density and magicity, where nucleus is expected 
to be more(less) bound if the level density at the Fermi energy is smaller (larger). In 
qualitative terms, the nucleons occupy deeper and more bound orbitals. Shell effects 
can therefore be described in terms of the level density at the Fermi surface.
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The microscopic term in Equ. 2.31 ( Es ) is used to correct for these shell effects, 
with the use of the Strutinski shell-correction method [40, 44]. The microscopic energy 
term in Equ. 2.31 is given by
E s  =  — 2 f  g (e) e de (2.32)
J—OO
where g(e) is the mean (or smoothed) energy density of the single-particle states at 
energy e. The Fermi energy, g,  corresponding to g{e) is determined from
n  =  2 f  g(e)  de (2.33)
J— OO
such that the total number of particles, n, is conserved.
Diabatic Blocking and Lipkin-Nogami Pairing
In order to obtain the configuration-dependent potential-energy surface for a 
multi-quasiparticle state, a process of diabatic blocking is necessary [29], which follows 
and blocks given orbitals occupied by specified quasiparticles when changing deforma­
tion. The orbitals are followed by examining the expectation values of their approx­
imate quantum numbers < N  >, < n z >, < A >  and < \Q\ > (see Section 2 .2).
Orbital crossing can prove to be problematic in blocking, however the diabatic blocking 
procedure follows and blocks orbitals according to their quantum numbers, removing 
this ambiguity.
The expression for the energy according to Lipkin-Nogami pairing in Equ. 2.31 
is provided by [29]
E l n  =  y  ekj +  y  2\v\ek -  f  -  G  £  +  G  _  4Aa £  {ukVkf  (2.34)
j —1 kgkj kgkj kgkj
where S  is the seniority of the proton and neutron configurations which correspond to 
the number of orbitals blocked by single particles with index kj,  N  is the proton or 
neutron number and A2 is a Lagrange multiplier, which is a function of the w*, Vk and 
G  terms introduced in Section 2.4. Lipkin-Nogami pairing is an improvement on BCS 
pairing that accounts for the fluctuation in particle number which is not conserved
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in the BCS model. The monopole pairing strength is calculated from the odd-even 
nuclear mass difference.
E x p e r i m e n t a l  C o n s i d e r a t i o n s
C h a p t e r  3
There are a large number of physical concepts that must be considered in order 
to obtain valuable empirical measures of nuclear structure. These factors are often 
complicated, and have required a great deal of research in themselves. This chapter 
outlines some of the aspects that are integral to the experiment and the successful 
interpretation of the data.
3.1 N u c lea r R ea c tio n s  o f H eavy  Ions
The past few decades have seen a vast expansion of empirical knowledge in atomic 
nuclei. A significant proportion of this information has derived from experiments using 
heavy-ion reactions, synthesising nuclei at large magnitudes of angular momentum. 
Reactions between heavy ions are difficult to describe precisely, since in many cases 
they are not fully understood. However, a general description of reaction types can be 
achieved in terms of centre-of-mass energy, impact parameter and the nature of the 
target and projectile nuclei.
Low-energy nuclear reactions 5 —10 M eV /u )  above the Coulomb barrier 
are best described by the impact parameter, b. Figure 3.1 shows different reaction 
mechanisms with changing impact parameter. At small values of b, fusion reactions 
dominate. Fusion-evaporation reactions provide the most convenient way to generate 
extreme angular momentum and temperature in atomic nuclei. Fusion-evaporation 
reactions require the formation of a compound nucleus, which is described as a nuclear
27
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system that exists for sufficient time (> 1 0 “2° s) to achieve thermodynamic equilib­
rium [19]. The excitation energy transferred to the compound system is provided by 
the centre-of-mass energy of the collision. The angular momentum of the compound 
nucleus is given by L =  b x p, where p is the centre-of-mass linear momentum of 
the projectile. Once the compound system has achieved thermodynamic equilibrium, 
it decays via high-energy statistical 7  rays and/or nucleon evaporation to the yrast 
line (described in Section 2.3), which the decay path follows via 7 -ray emission to the 
ground state. Charged-particle (proton and a) emission is inhibited in comparison 
to neutrons, since they are required to tunnel through the Coulomb barrier. Conse­
quently, for compound systems near (3 stability, neutron evaporation is favoured, which 
makes stable and neutron-rich nuclei difficult to populate using the fusion-evaporation 
process. Heavy compound systems (A  > 200) populated with large energy and angular 
momentum can have significant fission cross-sections. This process is known as fusion- 
fission, and has been used to good effect to populate stable and exotic, neutron-rich 
nuclei [45, 46, 47].
Peripheral reactions, where the impact parameter approaches the sum of the 
nuclear radii (see Fig 3.1), can be described as damped collisions, dissipative colli­
sions, quasi-fission, quasi-elastic reactions, incomplete fusion, massive transfer or multi­
particle transfer, according to their specific features. However, for the purposes of this 
thesis, such reactions shall be referred to as deep-inelastic collisions (DIC). In the 
short contact time of nuclear surfaces (10-22 s) in DIC, large amounts of mass, angular 
momentum and energy are transferred between the projectile and target nuclei. The 
significant feature of DIC is the retention of beam and target character in the reaction 
ejectiles. Although deep-inelastic reactions do not compare to fusion-evaporation reac­
tions in the population of excited states at extreme magnitudes of energy and angular 
momentum, it is possible to study more exotic, neutron-rich nuclei with stable beam 
and target combinations. A vast number of studies have been undertaken over the last 
15 years, with pioneering work performed by Broda et al. [48, 49, 50, 51].
As the energy of the beam particle increases to more than 40 M e V /u , a large 
proportion of the total reaction cross section leads to projectile fragmentation. This 
technique has been very successful in populating excited states in exotic, neutron rich
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Inelastic Scattering
F igure 3.1: A schematic of low energy (~  5 — 10 M e V / u ) nuclear reactions th a t 
depend upon the impact param eter, b , defined as the distance between the centres 
of the target and projectile nuclei, perpendicular to the beam direction, taken from 
[19].
nuclei for spectroscopic study [52, 53, 54, 55].
The experiments described in this thesis used both deep-inelastic and fusion- 
fission reactions to populate excited nuclear states. A more detailed description for 
each is discussed in the following.
3 .1 .1  D eep -In ela stic  C ollu sion s (D IC )
Overview
Peripheral reactions such as quasi-elastic, and deep-inelastic reactions have been 
studied for many decades, but it was only with the introduction of powerful 7 -ray 
detector arrays such as GAMMASPHERE [56], GASP [57] and CLARA [58] (see Sec­
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tion 3.4.1) that it has become possible to utilise them to study nuclear structure. 
Deep-inelastic reactions are now a well-established method for reaching heavy stable 
and neutron-rich nuclei using stable beam/target combinations. A large amount of 
literature exists for study of the reaction mechanism [59, 60, 61, 62, 63] (and refer­
ences therein), and many impressive experimental nuclear-structure results have been 
achieved using DIC techniques [48, 49, 50, 51, 64, 65, 66, 67, 68].
Figure 3.2 shows a schematic of the deep-inelastic reaction process. In these ex­
periments, the projectile generally has a laboratory energy of a few percent above the 
Coulomb barrier. There are many subtle facets of DIC that, whilst not a specific focus 
of this thesis, are interesting to note.
(i) The primary feature of DIC is the approximate retention of beam and target char­
acter in the binary products. The resulting nuclei are often referred to as projectile-like 
and target-like fragments (PLF and TLF respectively).
(ii) The degree to which the target and projectile nuclei interact, and thus the amount 
of nucleon exchange, depends on the impact parameter. References [60, 61, 69] discuss, 
in detail, subtle changes in reaction mechanism with impact parameter. Generally 
there are three different limits, sliding, rolling, and sticking that directly dictate the 
amount of angular momentum imparted into the primary ejectiles.
(iii) A considerable amount of angular momentum is transferred from relative orbital 
angular momentum of the initial system, to the intrinsic spins of the primary fragments 
[61]. A large part of the initial kinetic energy is absorbed by the collision partners as 
internal excitations, from which the name deep-inelastic reaction is derived.
(iv) The interaction of the nuclei involves a fast redistribution and exchange of nucleons 
due to the strong forces associated with the potential energy surface of the dinuclear 
complex. This tends toward a N /Z  equilibration of the system [49, 62, 69] in a time 
period of approximately 10-22 s [61]. The N / Z  equilibration generally results in more 
neutron-rich products in the lighter binary fragment (assuming a stable beam/target 
system) due to the systematic increase of N / Z  ratio in stable nuclei with mass.
(v) In the rolling limit, |  of the initial linear momentum is transferred into intrinsic 
angular momentum of the primary ejectiles [59] (see Section 3.1.1).
(vi) The primary ejectiles de-excite with nucleon evaporation (usually neutron, for the
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F igure 3.2: A simplified schematic of the deep-inelastic reaction process. The
impact parameter is labelled b. See text for a description of the process.
reasons presented in Section 3.1) followed by 7 -ray emission along the yrast line. It 
has been shown experimentally that higher spin population is achieved with increasing 
neutron evaporation [70]. This might be interpreted as the transition between cold 
quasi-elastic reactions and hot deep-inelastic reactions.
A n g u l a r  M o m e n t u m  i n  D I C
The angular momentum imparted to the individual primary fragments of a deep- 
inelastic reaction does not equal the extreme magnitude generated in a fusion-evaporation 
reaction. Clearly defining angular momentum in the complex DIC process is a non­
trivial process, however one can achieve a sufficiently quantitative understanding from 
the limiting sliding, rolling and sticking modes [59, 60, 61].
Consider a spherical nucleus of radius rp and mass A p, approaching a spherical 
target nucleus of radius r t and mass A t, at impact parameter b such that the initial an­
gular momentum is L. During contact, the nuclei move around the centre of mass with 
rotational frequency u . The target and projectile nuclei have independent rotational 
frequencies of u p and u t respectively. Conservation of angular momentum provides
L — iaFClo +  fspujp + (3.1)
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where R  is the sum of rp and r ti Ts is the moment of inertia and g  is the reduced mass 
in atomic mass units, given by
  ApA, 
^  A p 4- A t
The intrinsic angular momenta of the projectile and target nuclei are given as 
Jp=Tspu p and Jt=Tstu>t respectively. The maximum angular momentum in the reaction 
is given by [71]
L m a x  =  0 . 2 1 9  R y J g ( E crn — Vcm), (8-3)
where R  is in f m  and E cm — Vcm is the difference in energy between the energy of 
the projectile and the Coulomb barrier. The sliding model is the limit in which no 
angular momentum is imparted into the binary fragments, i.e. Jp — J t =  0. The 
sticking model is the maximal limit in which the fragments stick together, with equal 
intrinsic rotation, i.e. uj=Lov=u)t [60]. It follows from Equ. 3.1 that the relative angular 
frequency is
L
g R 2 +~Sp + 7st“  =  (3-4)
which in turn provides
and
T  _  S / T  / q  r V
1 ti,R* +  %  + Q/  ( )
If these nuclei are considered to be rigid spheres then 3 = |A r 2, where the radius
is r  =  1.2A1 /3 in units of f m .  For the reaction 178Hf+208Pb discussed in this thesis,
the following results are given. An incident 178Hf beam at a laboratory energy of 1150
M e V  provides an L max ~  360// with intrinsic spins of A /  ps 46fr and Jp& ps 59h for
the projectile-like and target-like fragments respectively.
The rolling model is intermediate between the sliding and sticking limits, which
derives from a strong frictional force, such that the point of contact has a linear velocity
of zero in the rest frame. The condition for not sliding is expressed by
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rp(ujp -  lj) + rt (cot -  w) = 0. (3.7)
To conserve linear momentum at the surfaces of the fragments then
dp   Jt   ^ Jp   /p __ 'JpWp   ^ Wp   'StT'p , .
rp rt Jt r t % u t u t % r t ’
which combines with Equ. 3.7 to obtain
_ % rpR u
Wp
and
p 9tr| +  9 pr?
= . J ® , ' (3-10)
A'pVtRu 
% r /  + %r£
Recalling the moments of inertia for the fragments = \ A pr 2 and = f A/T2, 
the sum of angular momenta is given by
Jp ±  Jt — ~XpUp Y 'StUt — p R  u ,o (3.11)
so
2 7
L  — p R 2u  + Jp +  Jt =  p R 2u  +  - f i R 2u  = - p R 2u ,  (3.12)o o
therefore
Jp T  Jt =  (3.13)
A fraction of |  of the initial angular momentum is transferred into the intrinsic 
angular momenta of the primary fragments, whilst the remaining |  stays in the relative 
motion of the products. In order to estimate the angular momentum for the fragments 
in the 178Hf-f208Pb reaction, we combine Equ’s. 3.8 and 3.13, yielding Jj j f  »  50 Ti and 
Jpb ~  53 Ti for the projectile and target-like fragments respectively.
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3 .1 .2  F u sion -F ission
Fusion-fission reactions, also known as heavy-ion-induced fission or quasi-fission 
reactions, are another useful reaction mechanism with which to populate high-spin 
states in stable and neutron-rich nuclei. Fusion-fission collisions are heavily damped 
reactions, where the impact parameter is so small between the reaction partners a 
single nucleus with a continuous interior is produced rather than a dinuclear system 
[71], with the kinetic energy of relative motion completely damped out. The reaction 
times are generally long (up to ~  10-16 s  [71]), where an equilibrium of all degrees of 
freedom (such as temperature and charge-to-mass ratio) is achieved in the compound 
nucleus. The hot compound nucleus can evaporate light particles before scission [69]. 
After scission the primary fragments can evaporate further particles (usually neutrons, 
due to the larger potential experienced by protons in stable and neutron-rich nuclei) 
to form the secondary fragments which decay by 7 -ray emission.
3.2 E le c tro m a g n e tic  D ecay  of E x c ited  N u c lea r S ta te s
Excited nuclear states can be populated by a number of processes such as a  decay, 
j3 decay and nuclear reactions like those detailed above. These excited states generally 
decay rapidly to the ground state with the emission of one or more 7  rays, which are 
high-energy photons with wavelengths of the order 10-11 —* 10“13 ra. Gamma rays 
are one of the few direct observables that can be used to understand nuclear structure; 
using different techniques it is possible to determine the energy, spin and parity of 
states, with which one can begin to understand the evolution of structure in excited 
nuclei.
3.2 .1  S e lec tio n  R u les
Excited nuclear states decay with an exponential time profile of the form e ~ X t . 
Consider a 7  ray decay from a state with energy E iy angular momentum I t and parity 
77, to a state with E f ,  I f  and 717 respectively. The energy of the 7  ray is given by
Fy   E{ — E f , (3.14)
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neglecting a small correction for the energy of the recoiling nucleus. The angular 
momentum of the 7  ray is expressed within the limits [72]
\ I i - I f \ < L < I i  + I f , (3.15)
whilst the parity selection rule is given by
A tt( EL)  =  (~ 1 )L 
A-rr(ML) =  ( - l ) i+ 1  (3.16)
for electric and magnetic multipoles respectively.
The lowest multipole order is expected to dominate due to faster transition rates 
(c./. Section 3.2.3). Mixing between the lowest order multipole L rnin and the next 
multipole (Lmin) is also considered. The exception to the angular momentum selection
rule is when L  — I f . Single photons are not emitted in monopole transitions, so
dipole (L — 1) transitions are the lowest order allowed for 7  rays. In addition, when 
Ii — I f  =  0, the selection rules only allow a transition with A L  — 0. Since 7  rays 
have an intrinsic angular momentum of L  — 1, conservation of angular momentum 
does not allow such a transition to decay via single-photon emission, and must decay 
with the competing internal conversion (see Section 3.2.2); internal pair formation (if 
E , y >  1.022M e V ) ;  or multi-photon emission processes.
3 .2 .2  In tern a l C on version
Internal conversion is a process that competes with 7 -ray decay. The electromag­
netic fields of the nucleus interact with atomic electrons, resulting in the emission of 
an electron from the atom. The transition energy of the decay between nuclear states, 
A E  is translated to kinetic energy of the emitted electron, Te less the binding energy, 
B  required to free the electron from the atomic shell [72],
T e — A E  — B  (3.17)
Since the electron can be emitted from a number of different atomic shells, they 
are labelled accordingly: A, L, M, and so on, corresponding to the principal atomic
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quantum numbers n  =  0 ,1 ,2 ... etc. If the energy of the transition from a given atomic 
shell is less than the binding energy required to separate the electron from the nucleus, 
then the probability of electron emission from that shell is zero.
Following the internal conversion process, a vacancy is left in one of the electronic 
orbitals. This is rapidly filled by an electron from a higher lying orbital, which results 
in the emission of an atomic X  ray or an Auger electron (the atomic analogue of 
internal conversion electrons). The energy of this X  ray depends upon the orbits of 
the emitted electron and the electron that goes to fill the vacancy. Due to this process, 
large, low-energy photopeaks are often observed in 7 -ray spectroscopy experiments, 
corresponding to X  rays emitted following internal conversion.
Internal-conversion electron intensities can often be significant. For this reason, 
it is important to correct for this process when considering the decay probability of a 
state, Xt which has two components, one arising from 7 -ray decay, A7 and the other 
from internal conversion, Ae [72]:
A t =  A7 + Ae, (3.18)
From this, it is convenient to define the internal conversion coefficient, a  which ex­
presses the ratio of internal conversion and 7 -ray decay probabilities,
-> At = A7(l +  a), (3.19)
which can also be expressed as a sum of coefficients from each of the atomic shells:
O i T O T  = O t K  + O L l  + O t - M  + **• (3.20)
Internal conversion coefficients are given for electric and magnetic transitions in
a non-relativistic calculation [73] by
3.2 Electromagnetic Decay of Excited Nuclear States 37
101 102 103 10* 102 103
Energy (keV)
F igure 3.3: Total internal conversion coefficients for Z  = 70, taken from Ref. [13]
where Z  is the atomic number, L  is the multipole order of the transition, n  is the 
principal atomic quantum number, m e is the mass of the electron and E  is the energy 
of the transition. Figure 3.3 shows a plot of internal conversion coefficient (oltot) 
versus energy, for electric and magnetic multipolarities in Z  = 70 (Yb) nuclei.
Equations 3.21 and 3.22 lead us to some general conclusions on the magnitude of 
internal conversion coefficients:
(i) They increase with Z3, so the conversion process is generally more important for 
nuclei of increasing mass.
(ii) The conversion coefficients increase dramatically with decreasing transition energy.
(iii) They increase rapidly with multipole order.
(iv) The conversion coefficients for higher atomic shells decrease with 1/n3.
3 .2 .3  T ransition  R a tes
The lifetime of a nuclear state, r is related to its intrinsic energy width, T by the 
Heisenberg uncertainty principle such that [74]
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T r  = h. (3.23)
The probability of the decay is in turn proportional to F, which depends upon the 
matrix element between the initial and final states and the operator that governs the 
decay between them M, such that [74]
T oc j < > |2, (3.24)
where </>* and </>/ are the wave functions of the initial and final states. A measurement 
of the lifetime of a nuclear state is a quantitative inverse measure of the probability of 
decay. The electromagnetic transition probability summed over all possible magnetic 
substates is given by [16]
= n S E w  S f +1 b {x l  ■■* - ^  ^
where B ( XL  : A -+ I f )  is the reduced m atrix element and A represents electric (E ) or
magnetic (M ) multipolarity. By measuring the lifetime of the electromagnetic decay,
one derive a value for the reduced matrix element. In turn this can provide information 
on the strength of a particular electromagnetic decay. For example E2 transitions 
in collective nuclei have relatively large reduced matrix elements. Table 3.1 shows 
transition probabilities per second, T  — 1 for different multipolarities, derived from 
Equ. 3.25.
W e i s s k o p f  E s t i m a t e s
Electromagnetic transition rates are sometimes expressed in terms of Weisskopf 
units, which provide an indication of the expected lifetime range for a given transition. 
Weisskopf estimates are transition rates based on a single proton moving between spher­
ical orbits, i.e. between states with approximate single-particle wave functions. The 
equations for the Weisskopf single-particle estimates for the reduced matrix elements 
are given by [9, 75]
B (W u  , E L )  =  ( + L ) 2 A +  [es / m “ ] (3.26)
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T ab le  3.1: Transition probabilities T(AL) for transitions with different m ultipolar­
ities, X L .  Note: The units of B { E L ) are e2 ( /m )2A, B ( M L )  are p % { f m f i 2 X ~ 2 ^ and 
E 7 is in M e V .
Transition Multipolarity (AL) T(AL) (s-1)
El 1.59xl015£ 3B(El)
E2 1.22x109£*B(E2)
E3 5.76x102£ 7B(E3)
E4 1.69x 10~4£ 9B(E4)
Ml 1.76x1013£ 3B(M1)
M2 1.35x107£^B(M2)
M3 6.28x£ 7B(M3)
M4 1.87x 10"6£ 9B(M4)
for electric transitions and
B (W u  : M L )  =  “ (1.2)(2i- 2> ( j L f t 2 Y Y  [rtU/m)<21- 2)] (3-27)
for magnetic, where m  is the single nucleon mass and A  is the atomic mass number. 
Weisskopf single-particle estimates for transition half-lives, provided in Table 3.2, are 
derived by combining Equ’s 3.26 and 3.27 with the expressions in Table 3.1.
Reduced matrix elements, B{XL)  are commonly expressed in Weisskopf units 
{W.u.), which compare experimentally determined 7 -ray half-lives with their corre­
sponding Weisskopf single-particle estimate
'jpWeiss
B ( \L )  =  Y Y  [W-“] > (3.2S)
1 l /2
where T y 2 is the partial 7 -ray half-life for the k th of n possible decay paths de-exciting 
a state with half-life T /J ft given by [13]
27/2 =  Y T  X K o A fA  (3-29)i= 1 1k
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Table 3.2: Weisskopf single-particle estimates for transition half-lives, T f j f ss, taken 
from Refs. [13, 75]. Energy, is in keV  and A  is the atomic mass number.
Transition Multipolarity (AL) T $ * s(a)
El 6.76x10- 6E -3A“t
E2 9.52xl06E,- 5A-t
E3 2.04xl019E -7A -2
E4 6 . 5 0 x 1 0 31F ” 9A - §
Ml 2.20 xlO- 5 # - 3
M2 3.10xl07£ - 5A -i
M3 6 .66x l 019£ “7A -t
M4 2 .1 2 x 10 32£ - 9A- 2
where the summation is over the intensity I f  of all possible decay paths de-exciting 
the level with corresponding internal conversion coefficients a*.
3.3 A n g u la r C o rre la tio n s
The angular distribution of 7  rays can help to determine the multipole order of 
transitions emitted from the decay of excited nuclear states. The angular distribution 
of a 7  ray (or the probability of 7 -ray emission in a particular direction) generally 
depends upon the initial and final magnetic substates that the transition decays to and 
from. If we consider a dipole transition that decays between levels with spin, /  =  1 
and I f  =  0, the 7  ray can decay from any of the magnetic substates of the initial level, 
rm = —I, —(I — 1 ),.., +1 =  —1 ,0, +1 to that of the final state with rrif =  0. The 7 -ray 
emission probability of a transition between = 0 and rrif =  0 is proportional to s in 2 9 
(where 6  is defined with respect to the z  axis used to measure the components of / ) ,  
whilst those between m* = ±1 and m/ =  0 vary with | ( 1  + cos2 6 ). Figure 3.4 shows 
the angular distributions for dipole and quadrupole transitions from different initial 
magnetic substates to rrif =  0 . One can see from this picture, that the summation 
of all angular distributions for multipole radiation is isotropic. In order to identify
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Figure 3.5: A 7 -ray cascade for angular correlation measurements. Details in text.
the multipole of a 7  ray, one must isolate a component of the transition, or create 
an unequal population of magnetic substates to produce anisotropy in the subsequent 
angular distribution. The anisotropy can then be used to identify the multipole order of 
the 7  ray. There are several methods that can be used to create unequal population of 
magnetic substates. Only the angular correlation technique is required for the purposes 
of this thesis and is discussed accordingly. A prescription for other methods can be 
found in Ref. [72].
Let us assume that a state with spin A = 1 is populated by a transition, 7 1 from 
a level with spin I Q — 0, and decays with 72 to a state with spin I 2 — 0 (see Fig. 3.5). 
The first radiation is observed in the direction defined as the z  axis, such that the angle 
of 7 1 with respect to the z  axis is 6 \ = 0; the second transition is detected at angle 0 2> 
with respect to the first 7  ray and the z  axis. The transition 7 1  decays with the same 
angular distributions discussed above and shown in Fig. 3.4; for m0 =  0 to mi = 0 the 
distribution is proportional to s in 2 9, whilst for m0 = 0 to mi = ± 1  it is proportional 
to |(1 + cos2 9). Since 9i =  0 (so s in 2 9i = 0), we remove the population of the = 0 
substate, and the angular distribution of 72 with respect to 7 1 becomes
W ( 6 )  oc - -(1 +  cos2 9) +  0(sin29) + 1 -(1 +  cos2 9) 
, z
oc 1 +  cos29. (3.30)
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This example is for the simplest case of pure dipole radiation. The general angular dis­
tribution function (when there is no initial spin alignment) for correlations of different 
multipole radiations is of the form
W (6 ) =  Ao(l +  A.2 2 p 2 (cos6 ) + A ^P jc o sO )  -I-...), (3.31)
where P2 and P4 are the standard Legendre polynomials
P2(co5 )^ =  -(3  cos2 6  — 1 ) and PficosO) = ^(35co,s4# — 30cos29 + 3). (3.32)
2 0
A0 is the true intensity, and the coefficients A kk of 7 i^y2 cascades can be related to 
the orientation parameters, B k of the first transition and the directional distribution 
coefficients, A k of the second transition as follows [76]
A kk — Pfc(7 i)A/c(7 2), (3.33)
where
„ , F J L J J o/i) -  2 6 J l )Fk(L 1L'1I 0I 1) + ofy)
= -----------------------------------------   (3-34)
and
„ N Fk(L 2 L 2l 2 h )  +  25{'f2)Fk{L2L'2I 2h )  + 
M -ft)  ----------------------------- ----------------------------------------- . (3.35)
L i and L2 are the lowest multipole orders of the first and second transition, and 
L[ = I/i +  l, L '2 = L 2 +  1. The values of Fk are tabulated in Ref. [77].
It is not necessary for 7 1 and 72 to be successive radiations in order to perform 
angular correlation measurements. It is possible to obtain a correlation between 7  rays 
with a number of intermediate transitions between them. A limiting factor to obtaining 
angular correlations between 7  rays is the lifetime of the intermediate state(s). The 
magnetic field produced by the hyperfine atomic structure de-orientates the nucleus 
over time, which can wash out the relative alignment of two correlated 7  rays. The 
rate at which this field will cause transitions between nuclear m  states is of the order
3.4 Gamma-Ray Detection 44
120 
100 
J  80
k .O m J3
" 60 o
N 40 
20 
0
0.01 0.05 0.1 0.5 1 5 10 50 100
h v  in MeV
F igure 3.6: The relative dominance of the three major 7 -ray interactions in matter 
with atomic number Z, over a range of photon energies (taken from Ref. [79]). The 
solid lines represent the points at which the cross-sections for different interactions 
are equal.
of the Larmor precession (~  10“ 9 s_1) [78]. Consequently, it is difficult to obtain 
anisotropic angular correlations between 7  rays separated by a long lived isomeric 
state 1 0 -9 s ).
3.4 G am m a-R ay  D e te c tio n
Gamma-ray interactions in matter are primarily dependent upon the magnitude 
of the photon energy. There are a large number of 7 -ray interaction mechanisms 
that can occur in matter, however there remain three types that are most important 
for radiation detection: photoelectric effect, Compton scattering and pair production. 
Figure 3.6 shows the relative dominance of these mechanisms with changing photon 
energy and atomic number.
Modern 7 -ray detectors are usually comprised of high-purity germanium (HPGe), 
due mainly to the excellent energy resolution that can be achieved with these semi­
conductor devices (better than 0.2% at 1.33 MeV [79]). It is outside the scope of this
-
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thesis to describe the characteristics of HPGe detectors. However, a knowledge of such 
devices is certainly required. For a rigorous description, the author recommends the 
excellent text by G. F. Knoll in Ref. [79].
3.4 .1  G am m a-R ay  A rrays: G A M M A S P H E R E
In the last two decades large arrays of HPGe detectors have been developed in 
order to advance the study of exotic nuclear structure. These large scale detector sys­
tems have enabled the study of high-spin, high 7 -ray multiplicity, heavy-ion reactions 
by providing significant advances in granularity and suppression of Compton scat­
tered 7  rays, whilst also retaining high absolute efficiency. Gamma-ray arrays such as 
GAMMASPHERE [56, 80, 81] (see Fig. 3.7), GASP [57, 80, 81], EUROGAM [80, 81] 
and CLARA [58] have revolutionised the study of nuclear spectroscopy by allowing 
unparallelled sensitivity to low intensity 7  rays. They all use Compton-suppression de­
tectors in order to maximise the ratio of fully absorbed 7  rays and partially absorbed 
photons that are Compton scattered out of the germanium detector volume (called 
the peak to total ratio P/T). When signals are received from a HPGe detector and 
the Compton-suppression detector surrounding it within a set time interval (typically 
10-6 —+ 10“ 9 ns),  the 7  ray is vetoed. Most HPGe detector arrays employ scintillation 
Compton-suppression detectors (or Compton-suppression shields) made of bismuth ger­
minate (BGO), due to high average atomic number and density p =  7.12 gcm ~3 [82] 
(the probability of 7 -ray interaction in matter increases with atomic number and den­
sity). A schematic of a Compton-suppressed HPGe EUROGAM detector is shown 
in Fig. 3.8, which illustrates the BGO suppression shields encasing the germanium 
crystal. This suppression prevents scattered events between adjacent detectors, and 
with the addition of heavy metal collimators, scattered 7 -ray events are restricted to 
opposite detectors.
The GAMMASPHERE HPGe detector array, used in the experiments discussed 
in this thesis, consists of a spherical shell of 110 large volume HPGe crystals in its 
full compliment, each enclosed in a BGO Compton-suppression shield in symmetric 
geometry. A photograph of the GAMMASPHERE array is shown in Fig. 3.7.
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F igure 3.7: A photograph showing half of the GAMMASPHERE HPGe detector 
array.
F igure 3.8: A schematic of a EUROGAM 1 BGO Compton suppressed HPGe 
detector, taken from [81]
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3.4 .2  D op p ler  B road en in g
If a 7 -ray interaction occurs whilst the decaying nucleus is travelling in flight, the 
wavelength of the observed photon is Doppler shifted from the intrinsic wavelength of
the emitted photon. When a nucleus travels at velocity f i =v / c  (where c is the speed of
light in a vacuum), the observed energy of an emitted photon in the laboratory frame, 
E s is related to the intrinsic 7 -ray energy E q and its angle of emission with respect to 
the direction of flight 0, by [83]
E ° =  E° i a a 83 £ o( 1  + 0cos0). (3-36)1  — p cos 6
In thick target experiments, such as those discussed in this thesis, the velocity 
and the direction of the recoil are unknown parameters; consequently no correction for 
the Doppler shift can be applied to the 7 -ray energies. The typical flight time of a recoil 
in a thick, high-Z target (such as those used in the experiments described in Section 
4.1) is of the order 10~ 12 s , so 7 -ray photopeaks of transitions emitted, on average, 
before this time are Doppler broadened. A11 example of the effect is observed in the 
top spectrum in Fig. 5.13, where photopeaks of transitions from states with increasing 
spin (in the ground-state band of 178Hf) are broadened with increasing severity.
C h a p t e r  4  
A n a l y s i s
4.1 E x p e r im e n ta l D e ta ils
Deep-inelastic reactions were induced with a beam of 178Hf incident on a 24.8 
m g /c m 2 thick 208Pb target enriched to >99%. The laboratory Coulomb barrier en­
ergy of the target and projectile, with proton and atomic numbers of %t,p and A ttP 
respectively, is approximated by,
(1+i )  3 ( ^ 7 3 + )  (<J>
The projectiles were delivered using the Argonne Tandem-Linear Accelerator Sys­
tem (ATLAS) at Argonne National Laboratory with a laboratory energy of F/ab = 
1 1 5 0  M e V , corresponding to an energy approximately 1 5 %  larger than the Coulomb 
barrier energy of the beam/target system. The beam was provided at an intensity of 
heam ~  1 -5  enA  in time-pulses of At ~ 1  n s  separated by periods of TRF — 82.497 ns. 
The inverse of this beam period is often called the Radio Frequency (RF). Due to the 
high energy deposition of the beam in the thick target and the relatively low melting 
point of lead, the beam was defocused from ~1  m m  to ~4 m m  in width in the :r-plane 
and wobbled at an amplitude of ~3 m m  in the y-plane to reduce the probability of 
melting a hole in the 208Pb target. Subsequently, unexpected fusion-fission reactions
were induced between the 178Hf projectiles and the 27Al nuclei in the target frame.
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F igure 4.1: Time projection of all the GAMMASPHERE HPGe detectors in the 
short pulsing experiment. The intense peaks are prompt radiation emitted when the 
beam is incident on the target (every 825 ns), with increasing time from right to left 
(see main text for details).
The resulting 7 -ray decays from the recoils in these reactions were measured using 
the GAMMASPHERE [56] array (see Section 3.4.1), comprising 101 HPGe detectors 
in this experiment. Sheets of natural copper 0.256 m m  in thickness, were placed in 
front of the HPGe detectors to absorb X-rays and bremsstrahlung radiation that could 
trigger the data acquisition system with events when no 7  rays were detected. This 
reduced the dead-time in the data acquisition system so the beam intensity (and thus 
the reaction rate) could be optimised.
In order to enhance the sensitivity of the experiment to isomeric decays, the beam 
was pulsed at two different settings, and finally 7  rays from the irradiated target were 
studied.
4.1 .1  Short P u ls in g
The ATLAS swept 9 out of 10 beam pulses to a beam stopper situated up-beam 
from the target, resulting in a period of AT = 825 ns between beam pulses incident
4.1 E xperim ental D eta ils 50
T i m e  ( p s )
F i g u r e  4 . 2 :  P r o j e c t i o n  o f  t h e  1 0 0  M H z  o s c i l l a t o r  c l o c k  u s e d  t o  t a g  i s o m e r i c  d e c a y s  
i n  t h e  l o n g  p u l s i n g  e x p e r i m e n t .  D e t a i l s  a r e  d i s c u s s e d  i n  t h e  t e x t .
o n  t h e  t a r g e t .  T h e  d a t a  a c q u i s i t i o n  s y s t e m  w a s  i n i t i a l i s e d  i n  e v e n t s  w h e r e  t w o  o r  m o r e  
7  r a y s  w e r e  d e t e c t e d  w i t h i n  a  2  p s  t i m e  r a n g e .  A  t o t a l  n u m b e r  o f  1 . 6 x l O 9 e v e n t s  w e r e  
r e c o r d e d  i n  t w o  d a y s  o f  b e a m  t i m e .  F i g u r e  4 . 1  s h o w s  a  p r o j e c t i o n  o f  g e r m a n i u m  t i m e  
i n  t h e  s h o r t  p u l s i n g  e x p e r i m e n t  w i t h  i n c r e a s i n g  t i m e  g o i n g  f r o m  r i g h t  t o  l e f t .  T h e  l a r g e  
p e a k s ,  s e p a r a t e d  b y  8 2 5  n s ,  a r e  p r o m p t  7  r a y s  t h a t  d e c a y  w i t h i n  a  f e w  n a n o s e c o n d s  o f  
t h e  r e a c t i o n  t i m e .
4 .1 .2  L o n g  P u l s i n g
T h e  b e a m  w a s  p u l s e d  b y  t h e  A T L A S  w i t h  a  2 5  p s  ( 3 0 0  c y c l e s  o f  t h e  a c c e l e r a t o r )  
b e a m - o n  p e r i o d  p r e c e d i n g  a  7 5  p s  ( 9 0 0  c y c l e s )  b e a m - o f f  p e r i o d .  T h e  d a t a  a c q u i s i t i o n  
s y s t e m  w a s  i n i t i a l i s e d  i n  t h e  b e a m - o f f  p e r i o d  a n d  s e t  t o  t r i g g e r  w i t h  e v e n t s  o f  o n e  o r  
m o r e  7  r a y s  d e t e c t e d  w i t h i n  a  2  p s  t i m e  r a n g e .  A  t o t a l  n u m b e r  o f  3 . 2 x l O 8 e v e n t s  
w e r e  r e c o r d e d  a n d  t i m e  s t a m p e d  u s i n g  a n  e x t e r n a l  1 0  M H z  o s c i l l a t o r .  F i g u r e  4 . 2  
s h o w s  t h e  p r o f i l e  o f  t h i s  p u l s i n g  i n  a  h i s t o g r a m  o f  t h e  o s c i l l a t o r  c l o c k  t i m e  s i g n a l s  o f  
e v e n t s  r e c o r d e d  b y  t h e  d a t a  a c q u i s i t i o n  s y s t e m .  T h e r e  e x i s t s  a  s h o r t  o v e r l a p  o f  ~ 2 0 0  
n s  b e t w e e n  t h e  b e a m  o n  p e r i o d  a n d  t h e  i n i t i a l i s a t i o n  o f  t h e  d a t a  a c q u i s i t i o n  s y s t e m ,
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Figure 4.3: Total projection of 7-ray time from the decay of the irradiated target 
once the be a m  had been turned off. The time stamp is provided by an external 1 
H z  oscillator.
s h o w n  t h e  t h e  p r o m p t  e v e n t s  i n  t h e  l a r g e  p e a k  o f  t h e  t i m e  s p e c t r u m .  T h i s  o v e r l a p  i s  
a n  i m p o r t a n t  f e a t u r e ,  a s  i t  p r o v i d e s  a  m a r k e r  f o r  t h e  e n d  o f  t h e  b e a m - o n  p e r i o d .
4 .1 .3  B e a m  O ff
T h e  i r r a d i a t e d  t a r g e t  w a s  l e f t  i n  t h e  G A M M A S P H E R E  a r r a y  f o r  4 0  h o u r s  t o  
m e a s u r e  7 - r a y  d e c a y s  f r o m  l o n g - l i v e d  i s o m e r i c  s t a t e s  a n d  /3  d e c a y s .  T h e  7 - r a y  t i m e  i s  
r e c o r d e d  b y  a  1 H z  o s c i l l a t o r .  F i g u r e  4 . 3  s h o w s  a  p r o j e c t i o n  o f  7 - r a y  t i m e  o v e r  t h e  4 0  
h o u r  p e r i o d .  A  t o t a l  o f  1 . 6 x l 0 8 e v e n t s  w e r e  r e c o r d e d  i n  w h i c h  o n e  o r  m o r e  7  r a y ( s )  
w e r e  d e t e c t e d .
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Figure 4.4: The relative efficiency of the G A M M A S P H E R E  H P G e  detector array 
as a function of 7-ray energy. Data points were obtained from 243 A m ,  182Ta, 56C o  
and 152E u  7-ray sources.
4 . 2  A n a l y s i s
4 .2 .1  C a l i b r a t i o n  a n d  E f f ic ie n c y  o f  t h e  G A M M A S P H E R E  A r ­
r a y
T i m e  a n d  e n e r g y  s i g n a l s  f r o m  e a c h  o f  t h e  1 0 1  G A M M A S P H E R E  H P G e  d e t e c t o r s  
w e r e  c a l i b r a t e d  u s i n g  4  7 - r a y  s o u r c e s  ( 243A m ,  182T a ,  5 6 C o  a n d  152E u ) .  E a c h  o f  t h e  
s o u r c e s  w e r e  p l a c e d  i n  t h e  t a r g e t  p o s i t i o n  f o r  t h e s e  m e a s u r e m e n t s .  F i g u r e  4 . 4  s h o w s  
t h e  t o t a l  r e l a t i v e  e f f i c i e n c y  o f  t h e  1 0 1  H P G e  d e t e c t o r s  a s  a  f u n c t i o n  o f  7 - r a y  e n e r g y .  
T h e  r e l a t i v e  e f f i c i e n c y  i s  a  r a t i o  o f  t h e  m e a s u r e d  p h o t o p e a k  i n t e n s i t y  f r o m  t h e  7 - r a y  
s o u r c e s ,  a n d  t h e  a b s o l u t e  i n t e n s i t y  t a k e n  f r o m  R e f s .  [ 8 4 ,  8 5 ,  86, 8 7 ] .  T h e  s t r e n g t h  o f  
t h e  i n d i v i d u a l  7 - r a y  s o u r c e s  w a s  n o t  m e a s u r e d ,  s o  d a t a  p o i n t s  f r o m  t h e s e  m e a s u r e m e n t s  
w e r e  n o r m a l i s e d  a n d  f i t t e d  t o  r e l a t i v e  e f f i c i e n c y ,  £ ,  w i t h  a  \ 2 m i n i m i s a t i o n  [88]:
e  =  e x p ( [ ( A  +  B x  +  C x 2 ) G +  { D  +  E y  +  F y 2 ) G ] ( 1 /G ) ) ,  ( 4 . 2 )
w h e r e
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a; =  l ° S ( § )  a n d  y  =  1° g ( § ) ; 4^'3  ^
E 1 i s  t h e  7 - r a y  e n e r g y  i n  k e V \  c o n s t a n t s  E x a n d  E 2 a r e  1 0 0  k e V  a n d  1 M e V  r e s p e c ­
t i v e l y ;  p a r a m e t e r s  A ,  B , C  f i t  t h e  e f f i c i e n c y  a t  l o w  e n e r g i e s  ( E 7 < 2 0 0  k e V ) a n d  D } 
E ,  F  a t  h i g h  e n e r g i e s  ( E 7 >  2 0 0  k e V ) \  a n d  G  i s  t h e  p a r a m e t e r  t h a t  f i t s  t h e  t u r n o v e r  
b e t w e e n  h i g h  a n d  l o w  e n e r g y  r e g i o n s .  I n t e n s i t i e s  o f  t h e  X  r a y s  f r o m  t h e  152E u  s o u r c e  
d a t a  w e r e  a l s o  u s e d  t o  f i t  t h e  l o w  e n e r g y  p a r t  o f  t h e  e f f i c i e n c y  f u n c t i o n .
R e l a t i v e  e f f i c i e n c y  c u r v e s  o f  i n d i v i d u a l  d e t e c t o r s  w e r e  a l s o  f i t t e d  f o r  7-7  a n g u l a r  
c o r r e l a t i o n  m e a s u r e m e n t s  d e t a i l e d  i n  S e c t i o n  4 . 2 . 4 .
4 .2 .2  G a m m a - r a y  A n a ly s i s
P r o c e s s i n g  a n a l o g u e  o u t p u t  p u l s e s  f r o m  t h e  H P G e  d e t e c t o r s  t o  d i g i t a l  t i m e  a n d  
e n e r g y  s i g n a l s  i n v o l v e s  c o m p l e x ,  i n t e g r a t e d  e l e c t r o n i c s .  T h e  f o l l o w i n g  s e r v e s  t o  i n d i c a t e  
t h e  i m p o r t a n t  f e a t u r e s  o f  t h e s e  p r o c e s s e s ,  r a t h e r  t h a n  t o  p r o v i d e  a  d e t a i l e d  r e v i e w  o f  
t h e  e l e c t r o n i c s .
G a m m a - R a y  C o i n c i d e n c e s
A n  e l e c t r o n i c  l o g i c  p u l s e ,  w i t h  a  d e f i n e d  t i m e - w i d t h  ( i n  t h i s  e x p e r i m e n t  2 p s ) ,  
i s  s t a r t e d  b y  a  s i g n a l  f r o m  t h e  H P G e  d e t e c t o r  p r e - a m p l i f i e r .  I f  o n e  ( o r  m o r e )  s i g n a l ( s )  
a r e  r e c e i v e d  w i t h i n  t h e  t i m e - w i d t h  o f  t h e  l o g i c  p u l s e ,  t h e  7  r a y ( s )  a r e  d e f i n e d  t o  b e  
c o i n c i d e n c e  w i t h  t h e  i n i t i a l  7  r a y .
D a t a  A c q u i s i t i o n  T r i g g e r
T h e  d a t a  a c q u i s i t i o n  s y s t e m  h a s  a  t r i g g e r  ( s e e  s e c t i o n s  4 . 1 . 1  -  4 . 1 . 3 )  w h i c h  d e f i n e s  
a  c o n d i t i o n  ( n u m b e r  o f  c o i n c i d e n c e s )  i n  t h e  e l e c t r o n i c s  w h i c h ,  w h e n  s a t i s f i e d ,  p r o c e s s e s  
t h e  e l e c t r o n i c  p u l s e s  i n  s o f t w a r e  a n d  s t o r e s  t h e m  a s  d a t a .
T i m e  ( T A C )
T h e  s p e c t r u m  i n  F i g .  4 . 1  s h o w s  t h e  t i m e  r e s p o n s e  o f  t h e  H P G e  d e t e c t o r s  i n  
t h e  G A M M A S P H E R E  a r r a y .  T h e  t i m e  i n  t h i s  s p e c t r u m  i s  p r o v i d e d  b y  t h e  t i m e - t o -  
a m p l i t u d e  c o n v e r t e r  ( T A C )  w h i c h  i s  a n a l o g o u s  t o  a  c l o c k  s t a r t e d  b y  a  f a s t  s i g n a l  f r o m
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Figure 4.5: A  2 D  h i s t o g r a m  s h o w i n g  7 - r a y  e n e r g y  v e r s e s  t i m e  o f  t h e  G A M M A S ­
P H E R E  H P G e  d e t e c t o r  a r r a y  i n  t h e  s h o r t  p u l s i n g  e x p e r i m e n t .  P r o m p t  7 r a y s  a r e  
d e f i n e d  b y  t h e  a r e a  b o u n d e d  b y  t h e  b l a c k  l i n e .
a  g e r m a n i u m  p r e - a m p l i f i e r  a n d  s t o p p e d  b y  a n  R F  s i g n a l  f r o m  A T L A S .  I n  r e a l  t i m e  t h e  
R F  o c c u r s  b e f o r e  t h e  7  r a y  i s  d e t e c t e d ,  h o w e v e r  t h e  f o r m e r  i s  d e l a y e d  e l e c t r o n i c a l l y  i n  
o r d e r  t h a t  t h e r e  a r e  m o r e  s t o p  ( R F )  t h a n  s t a r t  (7 r a y )  s i g n a l s .  D u e  t o  t h i s  r e v e r s a l  
i n  r e a l  t i m e ,  t h e  T A C  s p e c t r u m  i n  F i g .  4 . 1  i n c r e a s e s  i n  t i m e  f r o m  r i g h t  t o  l e f t .  T h e  
b e a m  p u l s e  c o i n c i d e s  w i t h  a  l a r g e  n u m b e r  o f  p r o m p t  7 - r a y  d e c a y s  t h a t  o c c u r  w i t h i n  a  
f e w  h u n d r e d  p i c o s e c o n d s  o f  t h e  r e a c t i o n  t i m e .  T h i s  c a n  b e  s e e n  i n  t h e  T A C  s p e c t r u m  
a s  i n t e n s e  p e a k s  ( s i g n i f i e d  b y  t h e  d a s h e d  l i n e s )  s e p a r a t e d  b y  t h e  R F  ( 8 2 5  n s )  o f  t h e  
a c c e l e r a t o r .  T h e  l a r g e s t  p e a k  ( s i g n i f i e d  b y  t h e  r e d  l i n e )  a r e  7 - r a y  d e c a y s  c o i n c i d e n t  
w i t h  t h e  l a s t  R F  ( s t o p )  s i g n a l  b e f o r e  t h e  t r i g g e r  c o n d i t i o n  i s  m e t .
T i m e  W a l k
T h e  s p e c t r u m  i n  F i g .  4 . 5  s h o w s  7 - r a y  e n e r g y  p l o t t e d  a s  a  f u n c t i o n  o f  t i m e .  O n e  
c a n  s e e  t h a t  t h e  r e s p o n s e  o f  t h e  H P G e  d e t e c t o r s  i s  l o n g e r  f o r  d e c r e a s i n g  7 - r a y  e n e r g y .
0 100 200 300 400 500
E nergy (k eV )
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T h e  c r o s s - s e c t i o n  f o r  t h e  p h o t o e l e c t r i c  a b s o r p t i o n  d o m i n a t e s  f o r  l o w - e n e r g y  7  r a y s  ( s e e  
F i g .  3 . 6 ) ,  a n d  a r e  t h e r e f o r e  a b s o r b e d  c l o s e r  t o  t h e  e d g e  o f  t h e  d e t e c t o r ,  w h e r e  t h e  
e l e c t r i c  f i e l d  i s  l o w e r .  I t  t a k e s  l o n g e r  f o r  t h e  c h a r g e  t o  b e  c o l l e c t e d  u n d e r  a  r e d u c e d  
e l e c t r i c  f i e l d ,  a n d  s o  t h e  t i m i n g  o f  t h e  7  r a y  i s  d e l a y e d  b y  a  f e w  n s .  T h i s  e f f e c t  i s  o f t e n  
r e f e r r e d  t o  a s  t i m e  w a l k .  I n  o r d e r  t o  d i s t i n g u i s h  t r u e  p r o m p t  f r o m  d e l a y e d  7  r a y s ,  o n e  
m u s t  e s t a b l i s h  t h e  e n e r g y - t i m e  r e s p o n s e  o f  t h e  a r r a y ,  o f t e n  r e f e r r e d  t o  a s  a  b a n a n a  g a t e .  
T h e  b l a c k  l i n e  i n  F i g .  4 . 5  i s  t h e  b a n a n a  g a t e  u s e d  t o  d e f i n e  p r o m p t  a n d  d e l a y e d  7  r a y s  
i n  e v e n t s  r e c o r d e d  i n  t h e  s h o r t - p u l s i n g  e x p e r i m e n t .  I t  w a s  e s t a b l i s h e d  b y  m e a s u r i n g  
t h e  t i m e  a t  w h i c h  1 0 %  o f  t h e  f u l l  i n t e n s i t y  i s  r e a c h e d .  A t  v e r y  l o w  e n e r g i e s  ( < 1 0 0  
k e V ) ,  t h i s  w a s  d o n e  a r b i t r a r i l y ,  a s  i t  i s  d i f f i c u l t  t o  d i f f e r e n t i a t e  g e n u i n e  p r o m p t  7 / X  
r a y s  a n d  t h o s e  f r o m  s h o r t - l i v e d  i s o m e r i c  s t a t e s  (<100 n s ) .
4 .2 .3  M a t r i c e s  a n d  C u b e s
D a t a  f r o m  t h e  s h o r t - p u l s i n g ,  l o n g - p u l s i n g  a n d  o f f - b e a m  e x p e r i m e n t s  w e r e  s o r t e d  
i n t o  a  v a r i e t y  o f  2 D  m a t r i c e s  a n d  3 D  c u b e s ,  a n d  a n a l y s e d  u s i n g  t h e  R A D  W A R E  [ 8 9 ,  9 0 ]  
a n d  A N A  [9 1 ]  s o f t w a r e  p a c k a g e s .  T h e s e  t e c h n i q u e s  a r e  u s e d  t o  s t u d y  7-7  c o i n c i d e n c e s ,  
7 - r a y  t i m e ,  a n g l e ,  e t c .  T a b l e  4 . 1  s h o w s  a  l i s t  o f  m a t r i c e s  a n d  c u b e s  u s e d  i n  t h e  a n a l y s i s  
o f  t h e  d a t a .  I t  c a n  b e  h e l p f u l  i n  t h e i r  u n d e r s t a n d i n g  t o  o b s e r v e  t h e  p r o j e c t i o n s  o f  7 - r a y  
t i m e  a n d  e n e r g y ,  s h o w n  i n  F i g s .  4 . 1 - 4 . 3  a n d  4 . 6 - 4 .8 f o r  t h e  d i f f e r e n t  e x p e r i m e n t s .
4 .2 .4  G a m m a - G a m m a  A n g u l a r  C o r r e l a t i o n s
B y  e x a m i n i n g  i n t e n s i t i e s  o f  7 - r a y  c o i n c i d e n c e s  i n  d e t e c t o r s  a t  d i f f e r e n t  a n g l e s ,  
o n e  c a n  m e a s u r e  a n g u l a r  c o r r e l a t i o n s  f u n c t i o n s  f o r  a  p a i r  o f  t r a n s i t i o n s  a n d  e s t a b l i s h  
t h e  s p i n s  o f  d e c a y i n g  s t a t e s  i n  a  ( d i s c u s s e d  i n  S e c t i o n  3 . 3 ) .  E a c h  o f  t h e  d e t e c t o r s  i n  
t h e  G A M M A S P H E R E  a r r a y  i s  a s s o c i a t e d  w i t h  a  p a i r  o f  a n g l e s  ( 9 , </>) i n  s p h e r i c a l  p o l a r  
c o o r d i n a t e s  w h e r e  t h e  £  a x i s  i s  d e f i n e d  a s  t h e  b e a m  d i r e c t i o n ,  a n d  9  a n d  (p a r e  t h e  
a z i m u t h a l  a n d  p o l a r  a n g l e s  r e s p e c t i v e l y .  T h e  a n g l e  b e t w e e n  a n y  t w o  d e t e c t o r s ,  6  i s  
d e f i n e d  b y
c o s  6  =  c o s  (#2 — # 1)  x  s i n  ( 6*i) s i n  ( 9 2 ) +  c o s  ( $ i )  c o s  ( # 2) ( 4 . 4 )
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Figure 4.6: Spectra showing the (a) total, (b) prompt and (c) delayed projections 
of 7-ray energy from the short pulsing experiment. Transitions labelled are in 178Hf 
unless otherwise stated.
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Figure 4.7: Total projection  of 7-ray energy from th e long pulsing experim ent. 
Transitions labelled are in 178Hf unless otherw ise stated.
E n e r g y  ( k e V )
Figure 4.8: Total projection  of 7-ray energy from the decay of th e irradiated target 
once th e beam  had been turned  off. T h e m ost intense transitions are labelled.
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T able 4.1: A table showing all of the cubes that were created in order to analyse 
7-7 coincidences and transition half-lives.
E x p .
C o n d i t i o n s  ( a x i s )  
x  y  z C o m m e n t s
1 S P 7 PR Tp r Tp r
2 S P ID E 7  DE 7 DE
3 S P ID E 7 DE Tp r
4 S P ID E Tp r Tp r
5 S P TDE TDE T DE M u l t i p l i c i t y  3  O N L Y .
6 S P ID E T DE T M u l t i p l i c i t y  2  O N L Y .
7 S P ID E 7 DE M T
8 S P ID E 7  DE M D
9 S P Tp d Tp d T
10 S P ID E 7  DE T D T i m e  D i f f e r e n c e  b e t w e e n  X  &  Y .
11 L P Ta l l Ta l l Ta l l
12 L P Ta l l T a l l C L 1
1 3 L P Ta l l Ta l l M T
1 4 L P Ta l l Ta l l Ta l l M u l t i p l i c i t y  3  O N L Y .
1 5 L P Ta l l Ta l l C L 1 M u l t i p l i c i t y  2  O N L Y .
1 6 L P Ta l l T a l l C L 1 M u l t i p l i c i t y  2.
1 7 L P Ta l l C L 1 M T (a)
1 8 L P T i 7 2 72 (b)
1 9 L P T i 72 T D m e )
20 O F F Ta l l Ta l l C L 2
(a) In coincidence with a 7-ray of energy _E7=357 keV.
(b) Gamma rays in a common beam-off period (of ~75 ps), but in different events (of ~2 ps). Gamma 
rays in 71 occur in an event before those in 72.
(c) Time difference (of the 100 M H z  oscillator) between event 1 & event 2.
S P  - Short Pulsing, L P  - Long Pulsing, O F F  - Off beam, 7p r  - Prompt defined by banana gate,
7d e  - Delayed defined by banana gate and between the dashed red lines in Fig. 4.1.
I p d  - Prompt +  Delayed, T  - Time, T D  - Time Difference, M T  - Total 7-ray Multiplicity,
M D  - Delayed 7-ray Multiplicity, C L 1  - 100 M H z  Clock, C L 2 - Off Beam Clock
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Table 4.2: A  table showing the number of detector pair combinations for each ring 
with the minimum, m a x i m u m  and average value of 5 for each.
Ring r^om(d®S) d m a x  (deg) 8 a v e (  deg) No. Det. Pairs
D1 0 35 22 357
D2 35 50 40 414
D3 50 60 54 408
D4 60 72 66 451
D5 72 82 76 450
D6 82 98 90 680
D7 98 108 104 450
D8 108 120 114 456
D9 120 130 126 397
DIO 130 145 140 408
D ll 145 180 158 361
There are a total of 4851 different combinations for 99 of 101 detectors used in 
the experiment. These combinations were binned into r in g s  with different values of 5  
shown in Table 4.2. The rings were chosen to spread the number of detector pairs (and 
therefore statistics) evenly.
Gamma-ray energy matrices were made for each of the rings in Table 4.2 with 
data from the short-pulsing and long-pulsing experiments. Using the notation of the 
7 i-?2 cascade discussed in Section 3.3 (see Fig. 3.5), the intensity of 71-72 coincidences 
were measured by fitting the intensity of 72 photopeak in the gated projection of 71 (or 
vice versa). In order to measure the angular correlation function for the cascade, the 
measured intensities, Ji2 of the coincidences in different rings must be normalised by 
the efficiencies of the two detectors, e f E J  and e 2 ( E 12) , and the number of detectors 
in the ring, N det given by
( 4 ' 5 )
C hap te r 5
R e s u l t s
Deep-inelastic and fusion-fission reactions between the 178Hf projectiles and 208Pb 
and 27 Al respectively, produced in excess of of 200 nuclei over the duration of the 5-day 
experiment. Here is a detailed summary of the results obtained for nuclei created with 
both reaction mechanisms. The focus on these results is on the production and decay 
of nuclear isomers, rather than the more prolific, prompt radiations.
5 . 1  D e e p - I n e l a s t i c  R e a c t i o n s
Deep-inelastic reactions between 178Hf projectiles and 208Pb target nuclei were 
successful in synthesising a broad swathe of nuclear products at high spin. Figure 5.1 
is a histogram showing the results of an initial survey of hafnium isomers populated 
in the experiment. This provides an initial minimum measure of the level of spin to 
which the hafnium nuclei have been produced. It also illustrates yrast or near-yrast 
multi-quasiparticle states predicted using blocked BCS calculations (outlined in Section 
2.6.1) at spin J77 =  43/2“ and 45/2+ in 177Hf and J77 =  19+ and 22“ in 178Hf.
Isomers in 176,179,i80Hf have been populated to spins, J77 =  22“ , 43/2+ and 18“ 
respectively. The q-ray decays from each of these isomers are shown in Fig. 5.2, 
identified from the level schemes provided in Refs. [92, 93, 94, 23, 95, 96]. One can 
infer that each of the nuclei has been successfully created at higher magnitudes of 
angular momentum than the spin of the respective isomers. It follows that states 
with a similar magnitude of spin should have been populated in 178Hf and 177Hf with
60
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Figure 5.1: A  histogram showing known high-A isomers in hafnium nuclei produced 
in the experiment. The levels coloured red show which states have been populated 
in the experiment, whilst 7 rays from those states illustrated in white have not been 
observed. The green bar represents a state that has only been identified tentatively 
in previous studies, not confirmed here. Excited multi-quasiparticle states predicted 
by B C S  calculations (see Section 2.6.1) for 177>178jjf are highlighted hi yellow.
significant intensity.
The quality of data obtained for the isomeric decays in 179Hf is a significant 
improvement on measurements made in previous studies [95], and we begin with a 
summary of results obtained in the present experiments. This acts as a suitable preface 
for the more comprehensive study of 177,178Hf.
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Figure 5.2: Double-gated spectra showing 7-ray decays from the previously ob­
served I n = 22“ , 43/2+ and 18“ isomers in 176>179>180Hf respectively. The isomers 
are those with the largest spin known in each of the respective nuclei. The spectra 
were created from data taken from the long pulsing experiment, using Cube 11 in 
Table 4.1. Contaminants from the 930 p s isomer in 175Lu are marked with asterisks 
( * ) .
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5 .1 .1  179H f
Two transitions from the decay of the isomeric A 77 =  43/2+ state, itself reported 
by Mullins e t  a l. [95], have been observed for the first time in the short-pulsing and 
long-pulsing experiments. More precise half-life measurements of the A 77 =  33/2“ , 
39/2“ and 43/2+ states are also provided for comparison with those presented by 
Mullins e t  al.
Figure 5.4 shows a partial level scheme of transitions observed from the decay 
of the A 77 =  43/2+ isomer. Relative intensities and level assignments are summarised 
in Table 5.1 for each of the 7  rays observed. The 541 and 1066 k e V  transitions are 
reported for the first time with the additional observation of the 91 and 516 k e V  7  rays, 
which were implied by Mullins e t  a l. The spectrum in the top panel of Fig. 5.5 shows 
the 541 k e V  7  ray in coincidence with the gated 847 and 337 k e V  transitions, whilst 
also not coincidence with the gated 170 and 370 k e V  7-rays in the bottom spectrum. 
This spectrum also illustrates the observation of the 91, 516 and 1066 k e V  transitions.
The half-lives of the A 77 =  33/2“, 39/2“ and 43/2+ states, reported by Mullins 
e t  al. as T1/2 =  30(10) n s , 12(6) n s  and 15(5) p s  respectively, have been measured 
with a significant improvement in accuracy. Figures 5.6 and 5.7 show time difference 
spectra for transitions above and below the A 77 =  33/2“ and 39/2“ states respectively 
(using Cube 10 in Table 4.1). Gaussian plus exponential fits to these data yield half- 
lives of Ti/2 =  27.6(7) n s  and T y 2 =  14.3(6) n s  for the A 77 =  33/2“ and 39/2“ states 
respectively. The lifetime of the E x — 2458.1 k e V  state could not be resolved from the 
half-life (Ti/2 =  27.6 n s )  of the A 77 =  33/2“ state, in time difference spectra between 
the 1352 k e V  7  ray and those above the E x — 2548.6 k e V  state. The half-life of the 
Fx=2458.1 k e V  level can thus be limited to Ti/2 < 20 n s .  Figure 5.8 shows a time 
projection of 7-7  gates on transitions depopulating the A 77 =  43/2+ isomer in the 
long-pulsing experiment (using Cube 12 in Table 4.1). The half-life of this decay was 
measured to be Ti/2 =  1 1 .6(2) p s .
The half-life measurements for isomeric states in 179Hf are all consistent with 
those from the previous study [95]. The relative quality of these data is illustrated 
by Fig. 5.9, which shows the decay of the A 77 =  43/2+ isomer in the experiment by 
Mullins e t  al. [95] (compared with Fig. 5.8). This improvement is due mainly to the
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Table 5.1: Transitions observed in 179Hf from the decay of the Ti/2—11-6(2) g s
isomer in the long pulsing experiment. Relative intensity measurements are given for 
7-ray decays; those marked with asterisks (*) have been observed for the first time.
E j E i E f J i J f I7
90.87(12)* 2548.6 2458.1 (33/2-) (29/2-) 3.5(5)
171.07(7) 3437.7 3266.7 (39/2-) (37/2-) 66(3)
286.70(8) 1392.6 1106.0 27/2“ 25/2“ 78(4)
309.20(8) 1701.9 1392.6 29/2“ 27/2“ 70(4)
330.79(9) 2032.8 1701.9 31/2- 29/2" 10.2(7)
336.79(9) 3774.5 3437.7 (43/2+) (39/2-) 91(5)
347.91(8) 2896.5 2548.6 (35/2-) (33/2-) 100(5)
370.26(9) 3266.7 2896.5 (37/2-) (35/2") 88(5)
515.45(14) 2548.6 2032.8 (33/2") 31/2“ 12.9(7)
541.21(16)* 3437.7 2896.5 (39/2-) (35/2-) 6.7(6)
595.77(16) 1701.9 1106.0 29/2“ 25/2" 11.4(7)
640.11(17) 2032.8 1392.6 31/2- 27/2- 4.0(11)
717.90(13) 3266.7 2548.6 (37/2-) (33/2-) 34.5(18)
846.71(10) 2548.6 1701.9 (33/2-) 29/2“ 85(4)
1065.65(9)* 2458.1 1392.6 (29/2-) 27/2“ 1.4(3)
1352.03(10) 2458.1 1106.0 (29/2-) 25/2“ 28.3(14)
high efficiency of the GAMMASPHERE array compared with that of the CAESAR 
7 -ray spectrometer [97] combined with the ANU Particle Detector Ball (PDB) [98].
Section 3.2.2 discusses internal conversion, and its significance for low-energy 
and/or high-multipolarity transitions. It is possible to determine the multipolarity 
of highly-converted transitions by experimentally deducing the magnitude of internal 
conversion, and comparing with theoretical calculations (from Ref. [73]). The total 
internal-conversion coefficient, a tot of a given transition is measured experimentally by 
comparing 7 -ray intensities, I7 of coincident transitions with the same total intensity, 
The 91 k e V  transition has a measured 7 -ray intensity 8.4(16) times
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Figure 5.4: Level scheme for transitions in 179Hf from the decay of the r 1/2= l l -6 p s  
isomer, updated from the work of Mullins et al. [95]. The filled and unfilled widths 
of each arrow are proportional to the corresponding 7-ray and electron conversion 
intensities respectively.
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Figure 5.6: Spectrum showing the time difference between transitions above and
below the K n= 33/2“ state (shown in parenthesis) in 179Hf. The half-life is measured 
to be T 1/2=27.6(7) n s using a y?  j v  minimisation of a Gaussian plus exponential fit.
Figure 5.7: Spectrum showing the time difference between transitions above and
below the K * = 39/2“ state (shown in parenthesis) in 1,9Hf. The half-life is measured 
to be 77/2=14.3(6) n s using a \ 2! v  minimisation of a Gaussian plus exponential fit.
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Time (ps)
Figure 5.8: Time spectrum gated on transitions from the decay of the K n= 43/2+ 
isomer in 1/9Hf (7-7 gates shown in parenthesis), using the 100 M H z  oscillator in 
the long pulsing experiment. The half-life is measure to be 7 7/2= 1 1.6(2) g s using a 
X 2/ u minimisation of an exponential fit. The first two points are mu c h  lower than 
would be expected, and were not used in the fit. This effect is due mainly to high 
reaction rates and subsequent pile-up in the b e a m  off period.
Figure 5.9: Spectrum showing the decay of the K n= 43/2+ isomer in 179Hf, taken 
from Mullins et al. [95].
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smaller than the 1352 and 1066 k e V  transitions combined, using a summed double 
gate of all transitions above the K n = 33/2“ state. This corresponds to a conversion 
coefficient of a tot=7.4(16), which is consistent with an Ml or E2 multipolarity (with 
calculated a iof=5.48 and 5.21 respectively). Comparison of Weisskopf transition rates 
for the 91 k e V  transition (F (M l)=3.0xl0“ 5 W .u . and F(E2)=1.6 W .u . )  indicate that 
an E2 multipolarity is more likely. Also, since the lifetime of the £ x=2458.1 k e V  state 
could not be resolved and a 1066 k e V  linking transition has been observed decaying 
to the £^=1392.6 k e V  state, we conclude, like Mullins e t  a l  [95], that the E x = 2458.1 
k e V  state is likely to have spin and parity J77—(29/2").
Intensity balance measurements for the 171 and 337 k e V  7  rays yield Ml and M2 
multipolarities respectively, consistent with Mullins e t  al.
5 .1 .2  177H f
A decay branch from the / 77=37/2“ , 71/2=51 min isomeric state to the K 1X= 25/2+ 
band has been observed for the first time. Figure 5.10 shows a partial level scheme 
of transitions in 177Hf, taken from Mullins e t  a l. [94]. The A 77=37/2“ , Tj/2=51 m i n  
isomeric state has a previously observed 214 k e V , E3 decay to the / 77=31/2+ member 
of the A 77=23/3+ band. Transitions from this decay path are shown in the top panel 
of Fig. 5.11. A previously unobserved decay path has been identified from this isomer, 
via the A 77=25/2“ band. The transitions from this additional, weaker decay branch 
are shown in the middle panel of Fig. 5.11. The implied 186 k e V ,  M3 decay from 
the isomer to the J77—31/2“ member of the A 77 =  25/2+ band has not been directly 
observed in this experiment. This is due to the relatively low statistics obtained for 
this decay branch, and the high internal conversion intensity expected for a 186 k e V ,  
M3 transition (af0t=18.8).
The branching ratio between these decay paths was difficult to measure due to a 
large number of contaminants in the single 277 k e V  7-ray gate, including 214 and 327 
k e V  transitions, also present in the strongest channel, 178Hf. In order to measure the 
intensities of the M3 and E3 decay branches, double gates were placed on the 277 k e V  
transition with the 120 and 327 k e V  7  rays respectively. Intensities of the 214 and 305 
plus 587 k e V  7  rays were corrected for branching, efficiency and internal conversion,
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49/2*  5065
Figure 5.10: Partial level scheme of 177Hf, taken from Mullins e t al. [94]. A  
transition with energy E y = 214 k e V  decays from the T x/ 2 =  51 m i n  isomer to the 
77r =  31/2+ mem b e r  of the K n = 23/2+ band (shown in Fig. 5.2).
yielding a branching ratio of 0.024(5) for the M3/E3 transitions.
Blocked BCS calculations for high-K, yrast multi-quasiparticle states in 177Hf 
predict potentially isomeric states at K * = 43/2“ and 45/2“. The spectrum in the bot­
tom panel of Fig. 5.11 shows the 375 k e V  7  ray from the 77r=43/2+ member of the 
K=39/2+ band, double gated on the 366 and 360 k e V  transitions (using Cube 1 in 
Table. 4.1). This illustrates that 177Hf has been synthesised with sufficient angular mo­
mentum, with which to populate such states. However, despite an extensive search for 
transitions from higher-lying multi-quasiparticle states (using the techniques outlined 
in the following section (5.1.3)), no previously unobserved 7 rays were identified.
5 .1 .3  178H f
Figure 5.12 shows a partial level scheme for 17SHf, taken from Mullins e t  a l [23]. 
High-spin states (~20R) in 178Hf were successfully populated with significant intensity 
in these experiments. Prompt 7 -ray decays from the short-pulsing experiment are 
shown in the spectra in Fig. 5.13. Gamma rays emitted while a recoil is in flight 
are subject to Doppler broadening (see Section 3.4.2). Consequently, it becomes more
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Figure 5.12: Partial level scheme of 178Hf, taken from Mullins et al. [23]. Transi­
tions with energy £ 7=140 and 437 k e V  decay from the 7\/2 =  68 p s isomer to the 
I n =  13~ and 12“ members of the K n — 8~ band respectively (shown in Fig. 5.2).
difficult to resolve discrete transitions from states with increasing angular momentum. 
This is particularly visible in the top spectrum of Fig. 5.13, which shows 7-ray decays 
in the ground-state band, where the 659 k e V  transition from the 77r=16+ state is the 
highest that can be resolved. The middle spectrum shows a projection of transitions in 
the K n = 6+ band from states with spins up to 77r=13+ (295 and 582 k e V  transitions), 
which is the highest known spin in this band [23]. The bottom panel is a spectrum 
showing transitions in the K n = 16+ band, resolvable from states of spin 77r=20+ and 
below.
Transitions have been observed from decay of the Ti/2=4 s , 78 n s ,  16 y r  and 
68 p s  isomeric states in the short-pulsing and long-pulsing experiments. Figure 5.14 
shows 7-ray decays from the Ti/2=68 p s  isomeric state.
Blocked BCS calculations predict the existence of yrast or near-yrast multi­
quasiparticle states at K n =  19+ and 22“ in 178Hf. Evidence from prompt data (the
5.1 Deep-Inelastic Reactions 74
2 e + 0 5
l e + 0 5
0
20000
>
2 4 1 5 0 0 0
S-,
O
CU
t/5 10000
c
zs
0
U
5 0 0 0
0
1000
7 5 0
5 0 0
2 5 0
0
Figure 5.13: Double-gated spectra showing prompt 7 rays in the short-pulsing 
experiment, decaying from states in the ground state, K n= 6+ and 16+ bands of 
178Hf. G a m m a  rays marked with an asterisk (*) are contaminant transitions from 
178Hf. Spectra were created by placing gates (indicated in curled brackets) on Cube 
1 in Table 4.1.
' Ground State Band
{ 2 1 3 } { 5 8 0 }
in
1 1 1--------------1-------------- r
©  { 1 8 7 ,  2 1 0 ,  2 3 1 ,  2 5 0 ,  2 6 7 ,  2 8 7 ,  2 9 5 }  x 2
K  =  6 Band
<n  r -
ft 00 ^  ft fM 
f t  f t  it) >n oo
T Y y v 'r‘l
{ 3 5 7 ,  3 7 7 ,  3 9 7  } x 2
K  =  16 Band
2 0 0  4 0 0
E n e rg y  (k eV )
6 0 0
5.1 D eep-Inelastic  R eactions 75
15000
>
M  ioooo
u
CL)O h
d
d
o
U
5000
Tj/2=68 ps, K*=14 isomeric decay.
{216}{495}
w
&
><
S
o
+ -
200
C O
+ -
J L
400
E n e r g y  ( k e V )
's t
u o
600
Figure 5.14: A double-gated spectrum showing 7 rays from the decay of the 
T1/2 =68 8 s  isomer in 178Hf, in the long pulsing experiment. The spectrum was 
created by placing the gate (indicated in curled brackets) on Cube 11 in Table 4.1.
bottom spectrum in Fig. 5.13) and the population of high-spin isomers in other Hf 
isotopes (see Fig. 5.2) indicate that 178Hf has been populated with sufficient angular 
momentum with which to populate these isomers. In order to optimise the identifi­
cation of low intensity, isomeric 7-ray decays in these multi-reaction experiments, it 
is helpful to establish possible transition paths. Figure 5.15 illustrates possible 7 -ray 
cascades from the decay of the A 77 — 19+ and 22“ according to the predicted ener­
gies (E b c s  — 3679 and 4253 k e V  respectively), analogous to the 7 -ray decay of the 
A 7r= 22“ isomer in 176Hf (see Fig. 5.3). One would expect the calculated K n = 19+ and 
22“ states in 178Hf to decay to multi-quasiparticle configurations with the minimum 
change in A, due to the conservation of the A  quantum number. Gamma-ray decays 
from these predicted states to the A 7r=16+ band are therefore most likely, although 
decays to the A 77=14“ band are also considered. It is very likely that the A 77=19+ and 
22“ states are isomeric, since they should decay with A A  >3. The table in Fig. 5.16 
summarises and evaluates the experimental sensitivity to 7  rays from the decay of the 
predicted states to the A 77=16+ band, with different possibilities for the isomeric half 
lives. The table is used to help identify transitions from the predicted isomeric decays.
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K * = 1 6 +  B a n d
Figure 5.17 shows 7 -ray spectra double gated on 357 and 377 k e V  7  rays, in the 
short and long-pulsing experiments (using Cubes 1, 2 and 11). Each of the photopeaks 
can be identified in 121 Sb, 121I and 213At examined from Refs. [99, 45, 100]. It is 
clear from these spectra that 7  ray(s) from the calculated A 7r=19+ and 22“ multi­
quasiparticle states have not been observed in coincidence with the first two transitions 
of the A 77=16+ band in these experiments. This could occur, even if the calculations 
were accurate, in two ways: the I  —» I  — 1 decay path (indicated in Fig. 5.15 with (i)) 
from the K n = 1 9 + state does not exist; or the K 7t= 19+ state decays with a half life 
much longer than the 7-7  coincidence window (~1 p s ) ,  since no transitions above the 
A 77 =  19+ state are observed.
In order to establish whether the predicted states decay via low-energy, highly- 
converted transitions, it is possible to place a gates upon the 357 k e V  7  ray and hafnium 
X  rays (~55 k e V ) ,  providing the transition energy is larger than the A  binding energy. 
Figure 5.18 shows 7-ray spectra gated on 357 and 55 k e V  photons in the short and long- 
pulsing experiments (using Cubes 1 , 2 and 11). All photopeaks can be identified as 7 - 
rays in deep-inelastic or fusion-fission products from Refs. [101,102,103,104,105,106]. 
The photopeaks in the prompt spectrum (top panel of Fig. 5.18) are dominated by 7 
rays from fusion-fission products, present from the coincidence with prompt Hf X  rays 
emitted in atomic or sub-Coulomb barrier reactions, occurring within the same prompt 
coincidence window. The 377 k e V  transition is observed in this spectrum, however this 
does not provide evidence for a decay from a short-lived A 77 =  19/2+ state (< 10 n s ) ,  
since one would expect to observe 7  rays from and/or above the A 77 =  19+ level. I11 
the delayed spectra (middle and lower panels of Fig. 5.18), the observed 7  rays derive 
from neighbouring tantalum and lutetium nuclei. This is because Ta and Lu X-ray 
energies are close to those of Hf, and are included in the 55 k e V  gate. Crucially, the 
377 k e V  transition is not observed in either of the delayed spectra.
There is no evidence for 7-ray decays from the A 77 =  19+ or 22“ states in the 
spectra gated on the 357 and 55 or 377 k e V  photons. From this, one can imply that 
the predicted A 77 =  19+ state does not decay to the J77 =  18+ member of the A 77 =  16+ 
band, u n le s s  E y  < 55 k e V .  The identification of any existing 7  rays from the A 77=19+
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and 22“ states must therefore be looked for via the I  —*1-2 path ((ii) in Fig. 5.15).
Since over 200 nuclei have been synthesised in these experiments, there remain 
a large of 7  rays in different nuclei with common energies. In order to achieve the 
spectroscopic clarity required to sensitively pinpoint isomeric decays, it is advantageous 
to use double-gated conditions to reduce such contaminations. However, since the 
calculated A 77=19+ and 22“ states do not appear to decay via the / 7r=18+ member 
of the K n = 16+ band, one can only use the 357 k e V  transition as a primary gating 
condition.
The projection of a single 357 k e V  gate is dominated by photopeaks from many 
different nuclei. In order to reduce the number of contaminants, one can restrict the 
multiplicity of the events. Spectra in Fig. 5.19 are gated on a 357 k e V  7  ray in 
the long-pulsing experiment, with different multiplicity conditions. The top panel has 
only multiplicity-two events, whilst the middle contains events with a multiplicity of 
more than two. The bottom spectrum is multiplicity two, subtracted with a spectrum 
of events with a multiplicity of more than two events, with a normalisation factor 
of 2. The normalisation factor is used due to the much larger number of counts in 
the multiplicity-two condition. This method isolates genuine multiplicity-two events 
coincident with a 357 k e V  7  ray.
Many of the photopeaks in the bottom spectrum of Fig. 5.19 can be identified 
from the f3~  decay of 104Tc to 104Ru, and the 7  decay of the 77r=8“ (T1/2=4 s ) isomer 
in 178Hf. The 274, 311, 367, 613, 793, 1010, 1422, 1598 and 1714 k e V  transitions could 
not be identified in coincidence with a 357 k e V  7  ray following extensive research of 
the Evaluated and compiled Nuclear Structure Data File (E N S D F ) database using 
the resource in Ref. [88]. The following discusses each of these 7  rays to examine its 
candidacy for a transition from the calculated A 77=19“ state, in coincidence with the 
357 k e V  7-ray from the I n — 1 7 + member of the A 77=16+ band.
Projections of 367 and 1714 k e V  individual 7-ray gates do not show coincidence 
with a 357 k e V  transition (355 and 360 k e V  transitions are seen respectively), and are 
thus not considered further. Projections of of the 274, 311, 613, 793, 1010, 1422 and 
1598 k e V  7 -ray gates show coincidences with a 357 k e V  photon, and are considered 
candidates for transitions from the decay of the predicted A 77=19+ isomer. Time
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Table 5.2: Limits placed on half-lives for different 7 rays paired with the 357 k e V  
transition taken from the long-pulsing and off-beam experiments.
7 -ray pair ( k e V ) T 1/2 (Long-Pulsing) T 1/2 (Off Beam)
274-357 >100 p s < hrs
311-357 >100 p s < hrs
613-357 >■100 p s ~hrs
793-357 >100 p s < hrs
1010-357 > 100  p s '"-'hrs
1422-357 >100 p s < hrs
1598-357 >100 p s < hrs
spectra were made from long-pulsing and off-beam experiments (using cubes 17 and 
20 in Table 4.1) for each of these 7  rays paired with the 357 k e V  transition. Table 
5.2 provides a summary of the half-life limits from these spectra, for each transition 
pair. In all cases it was not possible to obtain accurate half-lives from the long-pulsing 
experiment because they were much longer than the 75 p s  window of measurement, 
with few statistics. The lower limit on the half-lives for these transition pairs has been 
placed at 100 p s . The upper limit is set by the off-beam experiment. The bottom panel 
in Figure 5.20 shows the (3 decay of 178Ta (Ti/2(7“)=2.4 hr) to 178Hf. This spectrum 
illustrates the sensitivity to half-lives in the order of a few hours. The transitions that 
were not observed in the off-beam experiment are assigned an upper half-life limit of 
less than a few hours. The 613 and 1010 k e V  transitions were observed in coincidence 
with 357 k e V  transition in the off-beam experiment (see the top panel in Fig. 5.20) 
and are assigned an approximate half-life in the order of hours.
In order to establish whether any of these transitions are good candidates for 
a decay from the A ^ lfr f  state to the / 7r=17+ member of the A 7r=16+ band, it 
is important to examine transition rates for each of these 7  rays. The plot in Fig. 
5.21 shows 7-ray energy for E2 transitions with a degree of forbiddenness, p — 1 (from 
Equ. 2.28), versus the reduced hindrance, f v (from Equ. 2.29). Figure 5.22, taken 
from Lobner [25], shows a range of reduce hindrance factors relative to the Weisskopf
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Figure 5.20: Spectra showing the long-lived decays in the off-beam experiment.
The top panel shows the decay of the 1010 and 357 k e V  7-ray pair, whilst the bottom 
shows the (3 decay from 178Ta (T1/2(7“)=2.4 h r )  to 178Hf.
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estimate, F \y  of electric and magnetic 7-ray transitions with different AK  values. One 
can see from these plots that for the specific case of E2 transitions with v = l ,  f u can 
be several thousand. Maximum and minimum limits on /„ are set at 10,000 and 2 
respectively. Using these limits, we can restrict the 7 -ray energy of transitions from 
the K 77 =  19+ state. The maximum 7 -ray energy associated with a transition with 
T \/2 ~  g s ,  v = l  and E2 multipolarity is approximately _E7=250 k e V . Lower limits 
for half-life of candidate 274, 311, 613, 793, 1010, 1422 and 1598 k e V  transitions in 
Table 5.2 yield reduced hindrances that are too large to be systematically consistent 
with K-isomeric decays in the region. These transitions, from multiplicity-two gating, 
are thus likely to be from /5-decays, unidentified in the search of the ENSDF database.
In summary, a number of different analytical techniques have been used to identify 
isomeric decays from predicted AT7r=19+ and 22" states to the K n =  16+ band. No 
evidence has been obtained for such decays, however it may be possible to use null 
results to determine limits on the isomeric decay-path(s), energy and lifetime.
K n= 14” Band
The coincident 337 and 355 k e V  transitions were assigned to the K 7r=14” band by 
Mullins e t  a l. [23]. Projections of double gates on these transitions have revealed no 7 
rays in mutual coincidence in the short-pulsing (prompt and delayed) and long-pulsing 
experiments.
It is very difficult to correlate 7  rays decaying to and from isomers when the 
lifetime of the state is larger than the 7-7  coincidence window. However, it is possible 
to correlate 7  rays from the decay of an isomer with those from the decay of another, 
more energetic metastable state using data from the long-pulsing experiment. One can 
gate on two coincident transitions within the same (~2 g s )  event window from the 
intermediate isomer, and project 7  rays that occur in earlier events within the same 
(75 g s )  window of measurement from the more energetic isomer (using Cube 18 in 
Table 4.1). Examples of this technique are illustrated in the spectra of Fig. 5.23. In 
the top panel, 7 -ray decays from the K n = 1 4 ~ ,  Ti/2=401 g s  isomer in 176Hf can be 
observed in a projection of gates placed on the 202 and 306 k e V  transitions from the 
decay of the intermediate K 7r= 8", Tjy2=9.5 g s  [92, 93] isomer. In the middle panel,
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Figure 5.21: Reduced hindrance factors, f v for E2, u =  1 transitions in 1,8Hf. The 
coloured lines illustrate the change in reduced hindrance for transitions from states 
with different half-lives.
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Figure 5.22: Range of hindrance factors relative to the Weisskopf estimates of
electric and magnetic transitions for different \K \ values, taken from Lobner [25].
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transitions from the A 7r=18~} Tj/2=90 p s  isomeric state in 180Hf can be observed in a 
projection of gates placed on 7  rays from the decay of the K n = 12+, Ti/2=10 p s  [96] 
intermediate isomer. The spectrum in the bottom panel shows the 355 k e V  transition 
from the decay of the 77r=10+, Tj/2=6.26 p s  state in 120Sn, from gates placed on 7 
rays from the 77r=7~, Ti/2=11.8 p s  intermediate isomer. The photopeaks from 178Hf 
in each of these spectra originate from uncorrelated r a n d o m  decays of the 777r=8“, 
Tj/2=4 s isomer. It is important to note the limitations of this technique: in order 
for decays from the more energetic isomer to be identified, the lifetime must be in the 
sensitivity range of the long-pulsing experiment (in this case 5 p s < T i / 2 <5 days); and 
the lifetime of the intermediate isomer must be long enough to decay after the (~20 
p s )  dead time from the first event and short enough to decay within the window of 
measurement (20p s  <Ti/2 < 75p s ) .
Figure 5.24 shows a spectrum of 7  rays detected in events before the coincident 
495 and 574 k e V  transitions from the K n = 1 4 ~, Tj/2=68 p s  isomer. Each of the most 
intense photopeaks can be identified from uncorrelated random 7  rays from other very 
long-lived isomers and (3 decays. A long-lived isomer decaying to A 77=14“ band head 
has not been observed using this method.
5 . 2  F u s i o n - F i s s i o n  R e a c t i o n s
Fusion-fission reactions synthesised a large number of nuclei from 82Se to 54Xe 
isotopes. Several isomers have been observed in these experiments in the 77=50 and 
Z = 50 (Sn) regions, including five in Mo and Sb nuclei that have been identified in this 
work, for the first time. The following section contains a detailed discussion of these 
results.
5 .2 .1  M ic r o s e c o n d  a n d  N a n o s e c o n d  I s o m e r s  in  S b  N u c le i
1 21S b
Analysis of the long-pulsing data (discussed in Chapter 4) revealed delayed 7 -ray 
decays in 121 Sb from a long-lived isomer. Three previously unreported states at 2057.1,
2150.3 and 2551.2 k e V ,  and 13 transitions were observed for the first time. Figure 5.25
5.2 Fusion-F ission  R eactions 89
300 
200 
100 
0
>  40 
2 4
53 30CL
5  20
I , o
0
50 
40 
30 
20 
10 
0
Figure 5.23: Spectra showing 7 rays from microsecond isomers in 176>180Hf and
120Sn, gated on transitions from the decay of a lower intermediate microsecond isomer 
(see text for details). Asterisks indicate contaminants from transitions in 178Hf, below 
the K 7r= 8 ~ , Xi/2=4 s  isomer.
E n e r g y  ( k e V )
5.2 Fusion-Fission Reactions 90
E n e r g y  ( k e V )
Figure 5.24: Spectrum of off-beam 7 rays detected in events before those from
the decay of the K n = 14", T1/2= 68 g s  isomer in 178Hf. The largest photopeaks 
are identified, from random, uncorrelated 7-ray decays. The 140 k e V  transition is 
unidentified, however it is consistently present in all gates, and is not be considered 
a transition from an isomeric state above the K n = 14" state.
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Figure 5.25: Level scheme for transitions in 121Sb from the decay of a T1/2=200//s 
isomer. The filled width of each arrow is proportional to the corresponding 7-ray 
intensity.
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shows the updated level scheme from the decay of the isomer, extended from the work 
of Porquet e t  a l. [45]. Table 5.3 shows a summary of all transitions observed in 121 Sb 
from this work. Spectra in Figs. 5.27 and 5.28 show 7-ray photopeaks from the decay 
of the isomer using Cube 11 in Table 4.1. Figure 5.26 illustrates the time projection 
of 7  — 7  gates on the transitions depopulating this isomer. The isomeric half-life was 
measured, for the first time, to be Ti/2=200(30) p s ,  from a number of different gating 
conditions.
Table 5.3: Transitions observed in 121Sb from the T1/2=200(30) p s  isomer in the 
long pulsing experiment. Relative intensity measurements are given for 7-ray decays 
in the rotational (J7(R)) and single-particle structures on the left and right
side of Fig. 5.25 respectively. The normalised ratio of the rotationalrsingle-particle 
structure intensities is 0.7(1). Transitions observed for the first time are marked with 
asterisks (*).
£ 7 ( k e V ) E i  (;k e V ) E f  ( k e V ) JF T7TJ f I f t R ) J7(S)
41.1(3)* 2721.1 2679.8 21/ 2+ 19/2+ 5.0(9) -
77.88(12)* 2434.3 2356.7 19/2" 17/2+ 9.4(10) -
85.26(8)* 2142.0 2057.1 15/2- 13/2+ - 18(2)
117.40(13)* 2551.2 2434.3 (19/2-) 19/2- - 2.5(3)
(144.3(3))* 2142.0 1997.7 15/2- 15/2+ <1 <1
169.95(11)* 2721.1 2551.2 21/ 2+ (19/2-) - 4.0(5)
282.18(9) 1426.8 1144.6 11 / 2“ 9/2+ - 23(3)
287.8(2) 1426.8 1139.4 11 / 2- (11 / 2+) - 6.9(9)
286.75(7) 2721.1 2434.3 21/ 2+ 19/2- 13.3(14) 100
292.32(13) 2434.3 2142.0 19/2" 15/2- 3.9(5) 98(9)
323.14(8) 2679.8 2356.7 19/2+ 17/2+ 53(5) -
327.83(13) 1649.8 1321.9 13/2+ 11/ 2+ 70(7) -
348.00(10) 1997.7 1649.8 15/2+ 13/2+ 84(9) -
358.99(13) 2356.7 1997.7 17/2+ 15/2+ 58(6) -
375.00(11) 1321.9 947.0 11 / 2+ 9/2+ 98(10) -
391.24(11) 1426.8 1035.5 11 / 2- 9/2+ - 43(5)
c o n t in u e d  o n  n e x t  p a g e
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Table 5.3: co n tin u e d
£ 7 ( k e V ) E i  ( k e V ) E f  (k e V ) J f T itf I J R ) I J S )
400.9(2)* (2551.2) (2150.3) (19/2-) - - 5.8(7)
(409.3(4))* 2551.2 2142.0 (19/2") 15/2" - 1.7(4)
(479.4(2))* 1426.8 947.0 11 / 2- 9/2+ - <1
492.4(2)* 2142.0 1649.8 15/2" 13/2+ 3.0(4) 1.4(4)
675.75(13) 1997.7 1321.9 15/2+ 11/ 2+ 23(3) -
681.99(11) 2679.8 1997.7 19/2+ 15/2+ 20(2) -
702.86(16) 1649.8 947.0 13/2+ 9/2+ 20(2) -
707.11(12) 2356.7 1649.8 17/2+ 13/2+ 21(2) -
715.21(16) 2142.0 1426.8 15/2" 11 / 2- - 72(7)
909.75(12) 947.0 37.2 9/2+ 7/2+ 100 -
912.72(18)* 2057.1 1144.6 13/2+ 9/2+ - 3.7(5)
917.81(17)* 2057.1 1139.4 13/2+ (11/ 2+) - 9.3(10)
947.03(18) 947.0 0.0 9/2+ 5/2+ 11.7(14) -
998.28(11) 1035.5 37.2 9/2+ 7/2+ - 51(5)
1021.6(2)* 2057.1 1035.5 13/2+ 9/2+ - 5.2(7)
1102.2(2) 1139.4 37.2 (11 / 2+) 7/2+ - 15.9(17)
1107.46(13) 1144.6 37.2 9/2+ 7/2+ - 10.8(12)
1144.62(13) 1144.6 0.0 9/2+ 5/2+ - 15.3(17)
The level structure on the left side of the level scheme in Fig. 5.25 is consistent 
with the rotational structure built upon the 7rg9/2[404] orbital [107] observed system­
atically in lighter Sb isotopes [108, 109]. The spins and parities of these states are 
assigned accordingly. Spectra in Figs. 5.27(b) and 5.28(a) show the decay of the iso­
mer in the rotational band. The states to the right side of the rotational band in Fig. 
5.25 are indicative of single-particle structure. Spectra in Figs. 5.27(a), (c), 5.28(b) 
and (c) show 7  rays from the decay of the isomer via the single-particle states, whilst 
those in 5.27(a) and (b) show linking 7 -ray decays between the respective structures. 
Relative 7 -ray intensities in Table 5.3 are given for the rotational and single-particle 
structures in the decay of the isomer.
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Figure 5.26: T i m e  s p e c t r u m  s h o w i n g  t h e  d e c a y  o f  t h e  7 \ / 2 = 2 0 0 ( 3 0 )  p s  i s o m e r
i n  121 S b .  T i m e  w a s  m e a s u r e d  w i t h  t h e  1 0 0  M H z  o s c i l l a t o r  i n  t h e  l o n g  p u l s i n g  
e x p e r i m e n t .
T h e  o b s e r v a t i o n  o f  t h e  4 1  k e V  t r a n s i t i o n  ( s h o w n  i n  a  s p e c t r u m  i n  t h e  i n s e t  o f  F i g .  
5 . 2 8 ( a ) ) ,  w h i c h  a p p r o a c h e s  t h e  d e t e c t a b l e  l i m i t  o f  G A M M A S P H E R E ,  i s  a  v a l u a b l e  l i n k  
b e t w e e n  t h e  r o t a t i o n a l  b a n d  a n d  t h e  2 7 2 1 . 1  k e V  s t a t e .  S e c t i o n  3 . 2 . 2  d i s c u s s e s  i n t e r n a l  
c o n v e r s i o n ,  a n d  i t s  s i g n i f i c a n c e  f o r  l o w - e n e r g y  t r a n s i t i o n s .  U s i n g  t h e  i n t e n s i t y  b a l a n c e  
t e c h n i q u e s  d e s c r i b e d  i n  S e c t i o n  5 . 1 . 1 ,  o n e  c a n  a s c e r t a i n  t h e  m u l t i p o l a r i t y  o f  a  t r a n s i t i o n .  
T a b l e  5 . 4  s h o w s  m u l t i p o l a r i t y  a s s i g n m e n t s  f o r  t r a n s i t i o n s  i n  121 ,123S b  n u c l e i ,  b a s e d  o n  
t h e s e  m e a s u r e m e n t s .  T h e  4 1  k e V  t r a n s i t i o n  h a s  a  m e a s u r e d  7 - r a y  i n t e n s i t y  1 2 ( 8 )  
t i m e s  s m a l l e r  t h a n  t h e  3 2 3  k e V  t r a n s i t i o n  i n  t h e  p r o j e c t i o n  o f  a  s u m  o f  d o u b l e  g a t e s  
b e t w e e n  t h e  3 5 9  k e V  a n d  3 4 8 ,  3 2 8 ,  3 7 5 ,  a n d  9 1 0  k e V  t r a n s i t i o n s .  T h i s  i n d i c a t e s  a n  
M l  m u l t i p o l a r i t y  w i t h  t h e  p o s s i b i l i t y  o f  s o m e  E 2  a d m i x t u r e  f o r  t h e  4 1  k e V  t r a n s i t i o n .  
A n o t h e r  m e a s u r e m e n t  c o m p a r i n g  t h e  i n t e n s i t y  o f  t h e  4 1  k e V  7  r a y  w i t h  t h e  6 8 2  k e V  
a n d  3 2 3  k e V  t r a n s i t i o n s  i s  c o n s i s t e n t  w i t h  t h i s  a s s i g n m e n t .
A n g u l a r  c o r r e l a t i o n  m e a s u r e m e n t s  w e r e  m a d e  f o r  t r a n s i t i o n s  i n  121 S b ,  s u m m a r i s e d  
i n  T a b l e  5 . 5 .  S e c t i o n  3 . 3  e x a m i n e s  t h e  t h e o r e t i c a l  a s p e c t s  o f  a n g u l a r  c o r r e l a t i o n s ,  w h i l e  
S e c t i o n  4 . 2 . 4  d i s c u s s e s  t h e  a n a l y s i s  t e c h n i q u e s  u s e d  s p e c i f i c a l l y  i n  t h i s  e x p e r i m e n t  t o
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Figure 5.27: D o u b l e - g a t e d  s p e c t r a  s h o w i n g  7- r a y  d e c a y s  f r o m  t h e  7\/2 = 2 0 0  p s  
i s o m e r  i n  121 S b .  P r e v i o u s l y  u n o b s e r v e d  t r a n s i t i o n s  a r e  i n d i c a t e d  b y  a s t e r i s k s  ( * ) .  
G a t e s  a r e  i n d i c a t e d  o n  e a c h  s p e c t r u m .
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Figure 5.28: Double-gated spectra showing 7-ray decays from the 7\/2 =200 ps  
isomer in 121 Sb. Previously unobserved transitions are indicated by asterisks (*). 
Gates are indicated on each spectrum.
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Figure 5.29: Angular correlation fits for pairs of transitions ({7 1H 72}) in 121Sb. 
The graphs on the left of the figure are fits of experimental intensities of angular 
correlations (details in text). The error bar on the abscissa expresses the range of 9 
for the detector pairs, where 9 is the angle between the pair of detectors. The panel to 
the right of each graph represents a y f i/ v  fit of experimental intensities to calculated 
values of A 22 and A 44 as a function of the mixing ratio, 8 of 7 1. The mixing ratio of 
(the pure El or E2) 72 is fixed at zero in each case. The red and black curves are 
for A /= 2 and A / = l  transitions respectively, for which the 7 -ray cascades are given 
in each case. The horizontal dashed line shows the 2cr, 9 5 %  confidence limit (using 
the x 2+l technique) for the \ 2 m i n i m u m  closest to a rc tan {8 )= 0.
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Figure 5.30: Angular correlation fits for pairs of transitions in 121 Sb. See the 
caption of Fig. 5.29.
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c o s  (0 )  a rc ta n  (8 )
Figure 5.31: Angular correlation fits for the 998 k e V  transition with those from 
states of higher energies in 121 Sb (see the caption of Fig. 5.29). In the graphs on 
the right side the mixing ratio, J of the 998 k e V  transition is plotted, while J of the 
(pure El or E2) other transition is fixed at zero.
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T i m e  D i f f e r e n c e  ( n s )
Figure 5.32: Spectrum showing the time difference between the 287 and 292 k e V  
transitions in 121Sb. The half-life of the 2434 k e V  state is Tj/2=8.2(2) n s , measured 
using a x 2/ u minimisation of a Gaussian plus exponential fit.
s t u d y  t h e m .  I n t e n s i t i e s  w e r e  m e a s u r e d  f o r  p a i r s  o f  t r a n s i t i o n s  ( y i  a n d  q 2 , c o n s i s t e n t  
w i t h  F i g .  3 . 5 )  f r o m  e a c h  o f  t h e  m a t r i c e s  f o r  d e t e c t o r  p a i r s  i n  T a b l e  4 . 2 .  T h e  g r a p h s  
o n  t h e  l e f t  s i d e  o f  F i g s .  5 . 2 9 ,  5 . 3 0  a n d  5 . 3 1  s h o w  i n t e n s i t y  m e a s u r e m e n t s  f o r  p a i r s  
o f  t r a n s i t i o n s ,  f i t t e d  t o  E q u .  3 . 3 1  w i t h  a  x 2 m i n i m i s a t i o n .  T h e  f i t t e d  v a l u e s  o f  A 22 
a n d  A 44 a r e  g i v e n  f o r  e a c h .  E x p e r i m e n t a l l y  e v a l u a t e d  A 22 a n d  A 44 c o e f f i c i e n t s  m u s t  
b e  c o r r e c t e d  b y  f a c t o r s  Q 2 a n d  Q 4 r e s p e c t i v e l y ,  i n  o r d e r  t o  a c c o u n t  f o r  t h e  f i n i t e  s o l i d  
a n g l e s  o f  t h e  d e t e c t o r s .  T h e  c o r r e c t i o n  f a c t o r s  c a l c u l a t e d  f o r  t h e  G A M M A S P H E R E  
a r r a y  b y  P a t e l  e t  a l .  [ 1 1 0 ]  a r e
Q 2 =  0 . 9 7 7 9  a n d  Q 4 =  0 . 9 2 7 8
u s i n g  a  7 °  a n g l e  s u b t e n d e d  b y  e a c h  G A M M A S P H E R E  d e t e c t o r ,  a n d  c o n s i d e r i n g  t h e  
t a r g e t  a  p o i n t  s o u r c e  o f  r a d i a t i o n .  T h e s e  f a c t o r s  a r e  m u c h  s m a l l e r  t h a n  t h e  s t a t i s t i c a l  
e r r o r  f o r  e a c h  o f  t h e  A 22 a n d  A 44 c o e f f i c i e n t s  m e a s u r e d  i n  t h i s  e x p e r i m e n t ,  a n d  a r e  
n e g l e c t e d .
T h e o r e t i c a l  v a l u e s  o f  A 22 a n d  A 44 w e r e  c a l c u l a t e d  u s i n g  R e f .  [ I l l ]  ( w i t h  a  s i m ­
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i l a r  p r e s c r i p t i o n  o f  t h a t  i n  R e f .  [ 1 1 2 ] ) ,  u s i n g  7 - r a y  c a s c a d e s  s u c h  a s  t h a t  i n  F i g .
3 . 5  f o r  7  r a y s ,  71 a n d  72 w i t h  m i x i n g  r a t i o s ,  8 1  a n d  5 2 r e s p e c t i v e l y .  T h e  A 22 a n d  
A 4 4  c o e f f i c i e n t s  w e r e  c a l c u l a t e d  f o r  a  f i x e d  8 1 ( 8 2 ) w h i l s t  5 2( ^ i )  a d o p t s  v a l u e s  b e t w e e n  
— 1 8 0 °  <  a r c t a n ( 8 ) <  1 8 0 ° .  T h e  g r a p h s  t o  t h e  r i g h t  o f  F i g s .  5 . 2 9 ,  5 . 3 0  a n d  5 . 3 1  p l o t  
X 2 / v  o f  t h e  c a l c u l a t e d  A 22 a n d  A 44 c o e f f i c i e n t s  c o m p a r e d  t o  t h e  e x p e r i m e n t a l  v a l u e s ,  a s  
a  f u n c t i o n  o f  J 2( J i ) .  C a l c u l a t i o n s  w e r e  c o m p a r e d  f o r  7 - r a y  c a s c a d e s  f r o m  a  v a r i e t y  o f  
d i f f e r e n t  i n i t i a l  a n d  f i n a l  s t a t e  s p i n s .  T a b l e  5 . 5  s h o w s  t h e  s p i n - c a s c a d e  a s s i g n m e n t s  f o r  
e a c h  o f  t h e  7-7  a n g u l a r  c o r r e l a t i o n s .  T h e  t o p  ( b o t t o m )  p a r t  o f  t h e  t a b l e  g i v e s  t h e  m i x ­
i n g  r a t i o ,  8 \ ( 5 2 )  f o r  t h e  x 2 / V  m i n i m i s a t i o n  o f  t h e  c a l c u l a t e d  A 22  a n d  A 44 c o e f f i c i e n t s ,  
u s i n g  a  f i x e d  v a l u e  o f  z e r o  f o r  J 2( J i ) -
I n  o r d e r  f o r  7-7  a n g u l a r  c o r r e l a t i o n s  t o  b e  s u c c e s s f u l  i n  e s t a b l i s h i n g  t h e  s p i n s  a n d  
p a r i t i e s  o f  s t a t e s ,  i t  i s  i m p o r t a n t  t o  h a v e  a  t r a n s i t i o n  w i t h  k n o w n  m u l t i p o l a r i t y  t o  g a t e  
u p o n .  P r e v i o u s  m e a s u r e m e n t s  o f  s p i n s  a n d  p a r i t i e s  i n  121 S b  a r e  l i m i t e d  t o  l o w  s p i n  
s t a t e s .  D a t a  f r o m  R e f .  [ 1 0 7 ]  p r o v i d e  E 2  m u l t i p o l a r i t y  f o r  t h e  1 1 4 5  k e V  t r a n s i t i o n ,  a n d  
M 1 + E 2  m u l t i p o l a r i t y  f o r  t h e  9 9 8  k e V  t r a n s i t i o n .  T h e  e r r o r  i n  t h e  m e a s u r e m e n t  o f  
t h e  M 1 + E 2  m i x i n g  r a t i o  f o r  t h e  9 9 8  k e V  t r a n s i t i o n  i n t r o d u c e s  a n  e x t r a  u n c e r t a i n t y  i n  
t h e  m e a s u r e m e n t  o f  a n g u l a r  c o r r e l a t i o n s  w i t h  o t h e r  c o i n c i d e n t  7  r a y s .  I t  i s  t h e r e f o r e  
s e n s i b l e  t o  u s e  t h e  1 1 4 5  k e V , E 2  7  r a y  a s  a  s t a r t i n g  p o i n t  t o  g a t e  u p o n  d u e  t o  i t s  p u r e  
m u l t i p o l a r i t y .
T h e  t o p  p a n e l s  o f  F i g .  5 . 2 9  s h o w  t h e  7-7  a n g u l a r  c o r r e l a t i o n  b e t w e e n  t h e  2 8 2  
a n d  1 1 4 5  k e V  t r a n s i t i o n s .  T h e  x 2 / V  p l o t  i n d i c a t e s  a  m i n i m u m  a t  f o r  a  A / = l ,  
2 8 2  k e V  t r a n s i t i o n ,  w h i c h  i s  c o n s i s t e n t  w i t h  a  p u r e  E l  o r  M l  t r a n s i t i o n .  T h e  m i n i ­
m u m  f o r  A I — 2  i s  a t  a p p r o x i m a t e l y  a r c t a n ( 5 ) = 2 0 ,  c o n s i s t e n t  w i t h  a  m i x e d  E 2 + M 3  o r  
M 2 + E 3  t r a n s i t i o n .  A n  E 2 + M 3  a d m i x t u r e  i s  v e r y  i m p r o b a b l e  d u e  t o  t h e  t y p i c a l  d o m i ­
n a n c e  o f  E 2 m u l t i p o l e s  c o m p a r e d  t o  M 3 ;  a n  M 2 + E 3  a d m i x t u r e  i s  i m p r o b a b l e  s i n c e  t h e  
£ x = 1 4 2 7  k e V  s t a t e  i s  n o t  i s o m e r i c .  T h e  A / ( 2 8 2 ) = 2  x 2 / ^  J = 0  l i e s  a b o v e  t h e  2 a ,
9 5 %  c o n f i d e n c e  l i m i t  ( c a l c u l a t e d  u s i n g  t h e  x 2 + l  t e c h n i q u e  d e t a i l e d  i n  t h e  a p p e n d i x  o f  
[ 1 1 3 ] ) ,  w h i c h  s h o w s  t h a t  a  p u r e  E 2 t r a n s i t i o n  i s  i m p r o b a b l e .  T h e  2 8 2  k e V  t r a n s i t i o n  i s  
t h e r e f o r e  a s s i g n e d  E l  ( o r  p u r e  M l )  m u l t i p o l a r i t y ,  w h i c h  d e s i g n a t e s  a  s p i n  a n d  p a r i t y  
o f  J ir= l l / 2 ^  f o r  t h e  E a ; = 1 4 2 6 . 8  k e V  s t a t e .  I t  f o l l o w s  t h a t  t h e  3 9 1  k e V  7  r a y  a l s o  h a s  
A J = 1 ,  E l  ( M l )  m u l t i p o l a r i t y .
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T h e  E x = 2 4 3 4 . 3  a n d  2 1 4 2 . 0  k e V  s t a t e s  a r e  a s s i g n e d  s p i n s  a n d  p a r i t i e s  o f  I v = 1 5 / 2 “  
a n d  1 9 / 2 “  d u e  t o  a  c o m b i n a t i o n  o f  t h e  f o l l o w i n g  r e a s o n s .  T h e  b o t t o m  p a n e l  o f  F i g .  
5 . 2 9  s h o w s  t h e  7-7  a n g u l a r  c o r r e l a t i o n  o f  t h e  7 1 5  k e V  a n d  3 9 1  k e V  t r a n s i t i o n s .  T h e  
A I = 2  s o l u t i o n  f o r  t h e  7 1 5  k e V  t r a n s i t i o n  l i e s  w i t h i n  l a  o f  a r c t a n ( 5 ) = 0 .  I t  f o l l o w s  t h a t  
t h e  7 1 5  k e V  t r a n s i t i o n  i s  p u r e  A / = 2  ( p r o b a b l y  E 2 )  o r  A I — 1 w i t h  a  l a r g e  q u a d r a p o l e  
a d m i x t u r e .  T h e  t o p  p a n e l  o f  F i g  5 . 3 0  s h o w s  t h e  a n g u l a r  c o r r e l a t i o n  b e t w e e n  t h e  2 9 2  
a n d  7 1 5  k e V  t r a n s i t i o n s .  T h e  X 2/ u  p l o t  i n d i c a t e s  t h a t  t h e  2 9 2  k e V  t r a n s i t i o n  i s  a l s o  
p u r e  A / = 2  ( p r o b a b l y  E 2 )  o r  A I = 1  w i t h  a  l a r g e  q u a d r a p o l e  a d m i x t u r e .  I n t e n s i t y  
b a l a n c e  m e a s u r e m e n t s  ( s u m m a r i s e d  i n  T a b l e  5 . 4 )  d e s i g n a t e  E l  m u l t i p o l a r i t y  t o  t h e  7 8  
k e V  t r a n s i t i o n ,  w h i c h  e x p l i c i t l y  p r o v i d e s  / 7r= 1 9 / 2 “  s p i n  a n d  p a r i t y  f o r  t h e  F s = 2 4 3 4 . 3  
k e V  s t a t e .  T h i s  s p i n  a n d  p a r i t y  a s s i g n m e n t  i s  o n l y  c o n s i s t e n t  i n  t h e  c a s e  o f  s t r e t c h e d  
E 2  m u l t i p o l a r i t y  f o r  t h e  7 1 5  a n d  2 9 2  k e V  7  r a y s .
I n t e n s i t y  m e a s u r e m e n t s  i n  T a b l e  5 . 4  i n d i c a t e  E l ,  M l  o r  E 2  m u l t i p o l a r i t y  f o r  t h e  
2 8 7  k e V  t r a n s i t i o n  ( f r o m  t h e  F x = 2 7 2 1 . 1  k e V  s t a t e ) .  A n g u l a r  c o r r e l a t i o n s  b e t w e e n  
t h e  2 8 7  a n d  1 1 4 5 ,  7 1 5  a n d  2 9 2  k e V  t r a n s i t i o n s  c a n  b e  s e e n  i n  F i g s .  5 . 2 9  a n d  5 . 3 0 .  
E a c h  o f  t h e m  a r e  c o n s i s t e n t  w i t h  A I — 1 ( p r o b a b l y  E l  m u l t i p o l a r i t y )  f o r  t h e  2 8 7  k e V  
t r a n s i t i o n .  T h e  E x = 2 7 2 1 .1  k e V  s t a t e  i s  c o n s e q u e n t l y  a s s i g n e d  a  s p i n  a n d  p a r i t y  o f  
/ 7r= 21/ 2+ , w h i c h  i s  i n d e p e n d e n t l y  c o n s i s t e n t  w i t h  t h e  i n t e n s i t y  b a l a n c e  m e a s u r e m e n t  
f o r  t h e  4 1  k e V  ( M 1 + E 2 )  t r a n s i t i o n .
G a m m a - g a m m a  a n g u l a r  c o r r e l a t i o n s  b e t w e e n  t h e  9 9 8  a n d  2 8 7 ,  2 9 2 ,  3 9 1  a n d  7 1 5  
k e V  t r a n s i t i o n s  c a n  b e  s e e n  i n  F i g .  5 . 3 1 ,  f o r  d i f f e r e n t  s p i n  c a s c a d e s  w i t h  a  f i x e d  p u r e  
m i x i n g  r a t i o  ( # i = 0 )  f o r  7  r a y  f r o m  t h e  h i g h e r  s p i n  s t a t e .  T h e  n ( n / , 7 )  e x p e r i m e n t  i n  
R e f .  [ 1 1 4 ]  m e a s u r e s  a n  M 1 + E 2  m i x i n g  r a t i o  o f  8  = - 0 . 3 4 1 q ; i 9  o r  - 1 . 8 ± ? ; o  f ° r  t h e  9 9 8  
k e V  t r a n s i t i o n .  M e a s u r e m e n t s  f o r  t h e  m i x i n g  r a t i o  m a d e  i n  t h i s  e x p e r i m e n t  a r e  g i v e n  
i n  T a b l e  5 . 5 .  E a c h  o f  t h e m  a r e  c o n s i s t e n t  w i t h  t h e  v a l u e  o b t a i n e d  i n  t h e  n ( n / , 7 )  
e x p e r i m e n t ,  t o  w i t h i n  2 a ,  w h i c h  c o n f i r m s  t h e  s p i n  a s s i g n m e n t s  m a d e  f o r  t h e  1 1 3 9 . 4 ,  
1 4 2 6 . 8 ,  2 1 4 2 . 0 ,  2 4 3 4 . 3  a n d  2 7 2 1 . 1  k e V  s t a t e s .
G i v e n  t h a t  t h e  E x = 2 7 2 1 . 1  k e V  s t a t e  d e c a y s  v i a  2 8 7  k e V  E l  a n d  4 1  k e V  M l  
t r a n s i t i o n s ,  i t  i s  u n l i k e l y  t h a t  i t  i s  t h e  o r i g i n  o f  t h e  T 1(/ 2 = 2 0 0  p s  i s o m e r .  W e i s s k o p f  
s i n g l e - p a r t i c l e  t r a n s i t i o n  r a t e s ,  B ( E L \ M L )  ( d i s c u s s e d  i n  S e c t i o n  3 . 2 . 3 )  a r e  p r o v i d e d  
i n  T a b l e  5 . 6  f o r  t r a n s i t i o n s  i n  121S b  w i t h  d i f f e r e n t  m u l t i p o l a r i t i e s .  O n e  c a n  s e e  t h a t  t h e
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r e d u c e d  m a t r i x  e l e m e n t s ,  B ( E  1 )  f o r  2 8 7  k e V  a n d  B ( M 1 )  f o r  4 1  k e V ,  w o u l d  r e q u i r e  
t h a t  t h e  t r a n s i t i o n s  a r e  e x c e p t i o n a l l y  h i n d e r e d ,  w h e n  c o m p a r e d  w i t h  t y p i c a l  v a l u e s  o f  
B ( E  1 )  a n d  B ( M  1 ) ,  s u c h  a s  t h o s e  i n  R e f .  [ 1 1 5 ] .  I t  f o l l o w s ,  t h a t  t o  a c c o u n t  f o r  s u c h  a  
l o n g - l i v e d  i s o m e r ,  t h e r e  m u s t  e x i s t  a n o t h e r  s t a t e  t h a t  d e c a y s  t o  t h e  2 7 2 1 . 1  k e V  s t a t e  v i a  
a n  u n o b s e r v e d ,  l o w - e n e r g y ,  h i g h l y - c o n v e r t e d  t r a n s i t i o n ,  e x p r e s s e d  b y  A  i n  F i g .  5 . 2 5 .  
I n  o r d e r  t o  e s t i m a t e  t h e  m a g n i t u d e  o f  t h e  m i s s i n g  7  r a y ,  T a b l e  5 . 6  p r o v i d e s  t r a n s i t i o n  
p r o b a b i l i t i e s  f o r  a  r a n g e  o f  l o w - e n e r g y  t r a n s i t i o n s  o f  d i f f e r e n t  m u l t i p o l a r i t i e s  f r o m  3 0  
t o  1 0 0  k e V .  T h o s e  w i t h  E l  a n d  M l  m u l t i p o l a r i t i e s  a r e  t o o  h i n d e r e d ,  w h i l s t  E 3  a n d  
M 3  a p p e a r  t o  b e  t o o  l a r g e .  T h e  m u l t i p o l a r i t y  o f  t h e  m i s s i n g  t r a n s i t i o n  c a n  t h e r e f o r e  
b e  e x p e r i m e n t a l l y  r e s t r i c t e d  t o  E 2  o r  M 2  m u l t i p o l a r i t y ,  a n d  t h e  E x = 2 7 2 1 .1 + X  k e V  
s t a t e  a s s i g n e d  s p i n ,  I = ( 2 5 / 2 ) .  T h e  e n e r g y  o f  A  c a n  b e  l i m i t e d  e x p e r i m e n t a l l y .  I n  
c o n s i d e r a t i o n  o f  t h e  i n t e n s i t y  o f  t h e  i s o m e r i c  d e c a y ,  g e r m a n i u m  d e t e c t o r  e f f i c i e n c i e s  
a n d  i n t e r n a l  c o n v e r s i o n  c o e f f i c i e n t s ,  i t  i s  l i k e l y  t h a t  A  h a s  e n e r g y  £ A  < 6 0  o r  8 0  k e V  
f o r  E 2  a n d  M 2  m u l t i p o l a r i t i e s  r e s p e c t i v e l y .  I f  t h e  £ X= 2 7 2 1 . 1 + A  k e V  s t a t e  d e c a y s  
w i t h  t h e  s a m e  t r a n s i t i o n  r a t e  a s  t h a t  o f  t h e  1 * = 10+ ,  T 1/ 2= 6 . 3  p s  i s o m e r i c  d e c a y  i n  t h e  
i s o t o n e  120S n  ( £ ( £ 2 )  =  0 . 2 5  W . u . ) ,  t h e  e n e r g y  o f  A  i s  e x p e c t e d  t o  b e  £ ( A )  < 4 0  k e V .
O n  t h e  b a s i s  o f  B ( E 2 )  a n d  B ( M 2 )  W e i s s k o p f  s i n g l e - p a r t i c l e  t r a n s i t i o n  r a t e s  ( i n  
T a b l e  5 . 6 )  f o r  t h e  4 1  a n d  2 8 7  k e V  t r a n s i t i o n s  r e s p e c t i v e l y ,  i t  i s  a c k n o w l e d g e d  t h a t  
t h e  £ ^ = 2 7 2 1 . 1  k e V  s t a t e  p o t e n t i a l l y  h a s  s p i n  a n d  p a r i t y  J n =  2 3 / 2 + .  H o w e v e r ,  w i t h  
c o n s i d e r a t i o n  o f  i n d e p e n d e n t  e v i d e n c e  f r o m  a n g u l a r  c o r r e l a t i o n s  a n d  i n t e r n a l  c o n v e r s i o n  
m e a s u r e m e n t s ,  t h e  s p i n  a n d  p a r i t y  a s s i g n m e n t  o f  t h e  £ , . = 2 7 2 1 . 1  k e V  s t a t e  r e m a i n s .
A  n u m b e r  o f  p r e v i o u s l y  u n o b s e r v e d  7  r a y s ,  s h o w n  i n  F i g .  5 . 2 7 ( a ) ,  r e v e a l  t h e  
e x i s t e n c e  o f  t h e  £ ^ = 2 0 5 7 . 1  k e V  s t a t e .  T h e  8 5  k e V  t r a n s i t i o n  i s  i n  c o i n c i d e n c e  w i t h  
1 0 2 2 ,  9 1 8  a n d  9 1 3  k e V  7  r a y s  d e c a y i n g  t o  t h e  £ ^ = 1 0 3 5 . 5 , 1 1 3 9 . 4  a n d  1 1 4 4 . 6  k e V  s t a t e s  
r e s p e c t i v e l y .  I n t e n s i t y  b a l a n c e  m e a s u r e m e n t s ,  s u m m a r i s e d  i n  T a b l e  5 . 4 ,  i n d i c a t e  a n  E l
Ci
m u l t i p o l a r i t y  f o r  t h e  8 5  k e V  7  r a y .  I t  f o l l o w s  t h a t  t h e  2 0 5 7  k e V  s t a t e  h a s  a  s p i n  a n d  
p a r i t y  o f  I n = 1 3 / 2 + .
T h e  £ x = 2 5 5 1 . 2  k e V  s t a t e  h a s  b e e n  i n f e r r e d  f r o m  t h e  o b s e r v a t i o n  o f  1 1 7 ,  1 7 0  a n d  
t e n t a t i v e  4 0 9  k e V  t r a n s i t i o n s  ( s e e  s p e c t r a  i n  F i g s .  5 . 2 7 ( c ) ,  5 . 2 8 ( b )  a n d  ( c ) ) .  U s i n g  
i n t e n s i t y  b a l a n c e  m e a s u r e m e n t s ,  s u m m a r i s e d  i n  T a b l e  5 . 4 ,  t h e  1 1 7  a n d  1 7 0  k e V  7  r a y s  
a r e  a s s i g n e d  M l  a n d  M l  o r  E l  m u l t i p o l a r i t y  r e s p e c t i v e l y .  T h i s  i n f o r m a t i o n  s u g g e s t s
f + l  5 . 2  F u s i o n - F i s s i o n  R e a c t i o n s  ------------------------------- 106
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t h a t  t h e  E x = 2 5 5 1 . 2  k e V  s t a t e  h a s  s p i n  a n d  p a r i t y  J 7r= 2 1 / 2 “  o r  1 9 / 2 " .  S i n c e  t h e  t h e  
4 0 9  k e V  ( p r o b a b l y  E 2)  t r a n s i t i o n  d e c a y s  t o  t h e  I n = 1 5 / 2 “  s t a t e ,  t h e  E x = 2 5 5 1 . 2  k e V  
s t a t e  i s  a s s i g n e d  I n = 1 9 / 2 “ .
A  4 0 1  k e V  7  r a y  h a s  b e e n  o b s e r v e d  i n  c o i n c i d e n c e  w i t h  t h e  1 7 0  k e V  t r a n s i t i o n ,  
a n d  i n  a n t i - c o i n c i d e n c e  w i t h  t h e  1 1 7 ,  2 9 2  a n d  2 8 7  k e V  t r a n s i t i o n s .  T h e  s p e c t r u m  
i n  F i g .  5 . 2 8 ( c )  s h o w s  c o i n c i d e n c e s  b e t w e e n  t h e  4 0 1  a n d  1 7 0 ,  3 9 1 ,  7 1 5  a n d  9 9 8  k e V  
t r a n s i t i o n s .  T h e  c o i n c i d e n c e  b e t w e e n  t h e  4 0 1  a n d  7 1 5  k e V  7  r a y s  i m p l i e s  t h a t  t h e  4 0 1  
k e V  7  r a y  d e c a y s  b e t w e e n  t h e  £ ^ = 2 5 5 1 . 2  a n d  2 1 4 2 . 0  k e V  l e v e l s ,  h o w e v e r ,  t h e  e n e r g y  
o f  t h e  7  r a y  d o e s  n o t  m a t c h  t h e  d i f f e r e n c e  b e t w e e n  t h e  s t a t e s ,  w i t h  a  d i s c r e p a n c y  o f
8 . 3  k e V .  T h i s  i m p l i c i t l y  p r o v i d e s  e v i d e n c e  f o r  a n o t h e r  s t a t e  a t  a n  e n e r g y  o f  e i t h e r  
£ * = 2 5 4 2 . 9  o r  2 1 5 0 . 3  k e V .  L o w - e n e r g y  t r a n s i t i o n s  a r e  o f t e n  a c c o m p a n i e d  b y  l o n g  
l i f e t i m e s ,  h o w e v e r  t h e  h a l f  l i f e  o f  t h e  £ * = 2 1 5 0 . 3  o r  2 5 5 1 . 2  k e V  s t a t e s  ( f r o m  w h i c h  t h e  
i m p l i e d  8 . 3  k e V  7  r a y  c o u l d  d e c a y )  c o u l d  n o t  b e  r e s o l v e d  f r o m  t h e  G a u s s i a n  r e s p o n s e  
o f  t h e  H P G e  d e t e c t o r s ,  i n  a  t i m e  d i f f e r e n c e  s p e c t r u m  b e t w e e n  t h e  4 0 1 ,  7 1 5  a n d  1 7 1  
k e V  7  r a y s  ( u s i n g  C u b e  1 0  i n  T a b l e  4 . 1 ) .  W e i s s l c o p f  s i n g l e - p a r t i c l e  t r a n s i t i o n  r a t e s  
( g i v e n  i n  T a b l e  5 . 6 )  f o r  t h e  8 . 3  k e V  t r a n s i t i o n  w i t h  a n  a r b i t r a r y  1  n s  h a l f  l i f e  a p p e a r  
t o  b e  a c c e p t a b l e  f o r  E l  a n d  M l  m u l t i p o l a r i t i e s  ( w h e n  c o m p a r e d  w i t h  t y p i c a l  v a l u e s  o f  
B ( X L ) ,  s u c h  a s  t h o s e  i n  R e f .  [ 1 1 5 ] ) .  A  s t a t e  w i t h  e n e r g y  £ * = 2 1 5 0 . 3  ( o r  2 5 4 2 . 9 )  k e V  
i s  t h e r e f o r e  a s s i g n e d  t o  121S b .
T h e  E x = 2 4 3 4 . 3  k e V , I n = 1 9 / 2 “  s t a t e  w a s  o b s e r v e d  t o  b e  i s o m e r i c .  F i g u r e  5 . 3 2  
s h o w s  t h e  t i m e  d i f f e r e n c e  b e t w e e n  2 8 7  a n d  2 9 2  k e V  7  r a y s ,  u s i n g  C u b e  1 0  i n  T a b l e  
4 . 1 .  A  G a u s s i a n  p l u s  e x p o n e n t i a l  f i t  o f  t h e s e  d a t a  p r o v i d e s  a  h a l f - l i f e  o f  T 1/ 2= 8. 2( 2) 
n s .  T h e  t r a n s i t i o n  s t r e n g t h s  f o r  t h e  7 8  k e V  ( E l )  a n d  2 9 2  k e V  ( E 2 )  t r a n s i t i o n s  a r e  
£ ( £ 1 ) = ( 4 . 3 ± 0 . 9 )  x l 0 “ 6 a n d  £ ( £ 2 ) = 0 . 8 1 ( 1 0 )  W .u . r e s p e c t i v e l y .  T h e  r e t a r d e d  E l  t r a n ­
s i t i o n  s t r e n g t h  i s  w i t h i n  a n  o r d e r  o f  m a g n i t u d e  o f  t h o s e  f o r  J [  —> J J = 5 ~  — > 4+  t r a n s i ­
t i o n s  i n  120S n  a n d  122S n  ( £ ( £ l ) = ( 5 . 5 ± 0 . 4 ) x  1 0 “ 5 [ 1 1 6 ]  a n d  ( 2 . 7 ± 0 . 5 ) x l 0 “ 5 W .u .  [ 1 1 7 ]  
r e s p e c t i v e l y ) .
1 23S b
T h e  d e c a y  o f  t w o  i s o m e r s  h a v e  b e e n  o b s e r v e d  f o r  t h e  f i r s t  t i m e  u s i n g  d a t a  f r o m  
t h e s e  e x p e r i m e n t s .  T h e  f i r s t ,  o b s e r v e d  i n  d a t a  f r o m  t h e  l o n g  p u l s i n g  e x p e r i m e n t ,  h a s
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9 / 2 +
5 / 2 +
( 1 9 / 2 - )
( 1 5 / 2 - )
( 11 / 2- )
( 2 7 / 2 + )  
2 3 / 2 +  
1 9 / 2 +  
190(20) ns 2239.1
127.8
201.0
441.9
t
2038.2 1 5 / 2 +
381.7
40(2) ns
/
396.
955.8
/ 1 2 6 0 .7 626.1 561^  
v " ' r
1030.3 1088.6
•2614 + A  52(3) p s  
- 2614.1  
-2486.3
2044.4
1088.6
1 2 3
S b
7 / 2 +
Figure 5.33: Level scheme for transitions in 123Sb from the long and short-pulsing 
experiments. The filled width of each arrow is proportional to the corresponding 
7 -ray intensity.
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Figure 5.34: Double-gated spectra showing 7 -ray decays in 123Sb. Gates are indi­
cated on each spectrum.
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T a b l e  5 . 7 :  A  s u m m a r y  o f  7- r a y  e n e r g i e s ,  £ 7 i n  123S b  b e t w e e n  s t a t e s  w i t h  s p i n  a n d  
p a r i t y ,  J f  a n d  J J ,  a n d  e n e r g y ,  E i  a n d  E f .  G a m m a - r a y  i n t e n s i t i e s  f o r  t r a n s i t i o n s  o n  
t h e  r i g h t  a n d  l e f t  s i d e  o f  F i g .  5 . 3 3  a r e  g i v e n  b y  I 7 ( l )  a n d  I 7 ( 2 )  r e s p e c t i v e l y .
E j  ( k e V ) E t  ( k e V ) E f  ( k e V ) T7TJ i J f J 7 ( l ) 1 / 2
1 2 7 . 7 8 ( 8 ) 2 6 1 4 . 1 2 4 8 6 . 3 2 3 / 2 + 1 9 / 2 + 6 0 ( 5 ) ~
1 6 0 . 3 ( 2 ) 1 6 0 . 1 0.0 5 / 2 + 7 / 2 + - 2 5 ( 3 )
2 0 0 . 9 5 ( 1 5 ) 2 2 3 9 . 1 2 0 3 8 . 2 ( 1 9 / 2 " ) ( 1 5 / 2 - ) - 1 0 4 ( 1 8 )
3 8 1 . 7 ( 2 ) 2 0 3 8 . 2 1 6 5 6 . 5 ( 1 5 / 2 - ) ( 11 / 2” ) - 1 1 4 ( 1 5 )
3 9 6 . 0 ( 2 ) 1 6 5 6 . 5 1 2 6 0 . 7 ( 11 / 2- ) 9 / 2 + - 2 9 ( 3 )
4 4 1 . 9 2 ( 1 0 ) 2 4 8 6 . 3 2 0 4 4 . 3 1 9 / 2 + 1 5 / 2 + 1 0 9 ( 1 1 ) -
5 6 7 . 7 ( 2 ) 1 6 5 6 . 5 1 0 8 8 . 6 ( H / 2- ) 11 / 2+ - 1 4 ( 3 )
6 2 6 . 1 ( 2 ) 1 6 5 6 . 5 1 0 3 0 . 3 ( n / 2" ) 9 / 2 + - 9 4 ( 7 )
9 5 5 . 7 7 ( 1 0 ) 2 0 4 4 . 3 1 0 8 8 . 6 1 5 / 2 + 11 / 2+ 1 1 2 ( 9 ) -
1 0 3 0 . 3 ( 2 ) 1 0 3 0 . 3 0.0 9 / 2 + 7 / 2 + - 100( 8)
1 0 8 8 . 6 1 ( 1 1 ) 1 0 8 8 . 6 0.0 11 / 2+ 7 / 2 + 100 -
1 1 0 0 . 9 ( 3 ) 1 2 6 0 . 7 1 6 0 . 1 9 / 2 + 5 / 2 + - 1 8 ( 4 )
1 2 6 0 . 9 ( 5 ) 1 2 6 0 . 7 0.0 9 / 2 + 7 / 2 + - 7 ( 2 )
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400
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F ig u re  5.35: Tim e spec trum  showing th e  decay of th e  T 1/ 2=52(3) ps isomer in 
123Sb. T im e was m easured w ith  th e  100 MHz oscillator in th e  long pulsing experi­
m ent.
a microsecond half-life, decaying to states with spins and parities determined using 
angular distribution and intensity balance measurements. The second is a nanosecond 
isomer observed in the short-pulsing experiment. Figure 5.33 shows a partial level 
scheme of transitions in 123Sb observed from the decay of isomers observed in this 
experiment, including the £ x=2239.1 keV state, initially reported by Porquet et al. 
[45]. As one can see from the level scheme, there appears to be two distinctly different 
structures in the decay of the isomers. We will begin by discussing the decay of the 
microsecond isomer, to the right side of the level scheme.
L o n g -P u ls in g  E x p e r im e n t
The double-gated spectrum in the top panel of Fig. 5.34 shows the 1089, 956, 
442 and 128 keV transitions observed from the decay of the microsecond isomer. The 
transitions, and the states from which they decay are summarised in Table 5.7. Figure 
5.35 shows a time spectrum of the isomeric decay (using the 100 MHz clock), with a 
measured half-life of Tj/2=52(3) ps.
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c o s 2 ( 0 )  a r c t a n  ( 8 )
F ig u re  5.36: Angular correlation fits for pairs of transitions in 123Sb. See the text 
label in Fig. 5.29
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The E*=1088.6 keV state is assigned a spin and parity P  = 11/2+ in Ref [45]. 
Gamma-gamma angular correlation measurements between the 1089 and 956, 442 and 
128 keV transitions are shown in Fig. 5.36, and summarised in Table 5.5. The y 2/u 
plots show that the 128, 442 and 956 keV 7  rays are either AI=2(E2), or AI=1(M1+E2) 
transitions. Intensity balance measurements (summarised in Table 5.4) were performed 
for the 128 keV transition, which are independently consistent with an E2 multipolar­
ity assignment. The £*=2044.4 and 2486.3 keV states are assigned spin and parity 
77r= 15/2+ and 19/2+ due to yrast feeding.
The isomeric lifetime appears to derive from the £*=2614.1 keV state via the 128 
keV transition, corresponding to a single-particle transition rate of £(£2)=5.3(1) x 10~3 
W.u (shown in Table 5.8). This value is a factor of five smaller than that of the 
77r=10+, Ti/2 = 3 9  gs isomer in the isotone, 122Sn (£(£2)=0.028 W.u.), calculated from 
Refs [118, 117]. It is therefore plausible that the Ti/2=52 gs half life derives from 
a state higher in energy than the £*=2614.0 keV level, decaying via an unobserved, 
low-energy, highly-converted transition, illustrated by A in Fig. 5.33. In order to 
substantiate the nature of the transition from the £*=2614.1+A keV state, Weisskopf 
single-particle transition rates are provided in Table 5.8 for 7  rays with a variety of low- 
energies and multipolarities. As with the missing transition in 121 Sb, one can eliminate 
El, Ml, E3 and M3 multipolarities with confidence (by comparing them with typical 
transition rates). The £*=2614.1+A keV state is consequently assigned a tentative 
spin of 1=27/2, decaying via an E2 or M2 transition. If the isomer were to decay (via 
an E2 transition) with the same transition rate as the J 7r=10+, T1/2=62 gs state in 
122Sn, then A would have an energy of approximately 70 keV.
In addition, one could also expect the £*=2614.1 keV state to be isomeric, since 
it also decays via a low-energy (128 keV) E2 7  ray. If it also decays with a similar 
transition rate as the / 7r= 10+ isomer in 122Sn, the half life is expected to be Tx/2 ~10 
gs. Since the 7 -ray coincidence window is <C10  gs, one would not expect to see A 
in coincidence with the 1089, 956, 442 and 128 keV transitions. Subsequently, an 
experimental limit for the energy of A cannot be established.
S h o r t - P u ls in g  E x p e r im e n t
Transitions from the decay of the £*=2239.1 keV isomeric state, initially reported
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by Porquet et a l [45], were observed in the short pulsing experiment. The double-gated 
spectra in the middle and lower panels of Fig. 5.34 show 7 -ray decays from this isomer, 
which are summarised in Table 5.7. Figure 5.37 shows a germanium time spectrum 
double gated on delayed transitions from the isomeric E x=2239.1 keV state, using 
Cube 9 in Table 4.1. Relative to the accelerator RF signal, the half-life of the decay 
is measured as T!/2=190(20) ns, in contrast to the £4/2= 1 1 0 (10 ) ns value reported 
by Porquet. The £ c=2038.1 keV state was also observed to be isomeric. Figure 5.38 
shows a time-difference spectrum between the 201 keV transition, and those below 
the isomer. The half life of the state was measured to be Ti/2=40(2) ns using a j f  jv  
minimisation of a Gaussian plus exponential fit.
It was not possible to assign spins and parities to the states populated from 
the decay of the Ti/2=190 ns isomer using angular correlation measurements, due 
to insufficient statistics. Tentative spins and parities are therefore adopted from the 
systematic assignments made by Porquet et al.
Transition strengths for the 201 and 382 keV 7  rays are provided in Table 5.8 for 
different multipolarities. Those for E2 transitions (£(£2)=0.22(2)) and 0.048(2) W.u. 
for 201 and 382 keV transitions respectively) are consistent with isomeric E2 decays 
from I n=19/2" states in lighter antimony nuclei, and 7" states in neighbouring tin 
isotopes.
5 . 2 . 2  I s o m e r i c  s t a t e  i n  " M o
A high-spin isomer in "M o has been observed for the first time, using data from 
the short-pulsing experiment. Figure 5.39 shows a level scheme of transitions in "M o 
observed in the short pulsing experiment, extended from that established by Regan et 
al. [119]. The top panel in Fig. 5.40 shows prompt 7 -ray decays from states of energy 
£ x=3685.4 keV and below, using Cube 1 in Table 4.1.
Transitions from the £ x=2705.4 keV state and below were also observed in de­
layed spectra (using Cube 2 in Table 4.1) in coincidence with a 305 keV 7  ray (see 
the bottom panel in Fig. 5.40) depopulating a previously unreported state at energy 
£ x=3010.3 keV. Gamma rays decaying from states to the isomer were not observed, 
despite using prompt-delayed analysis with Cubes 3 and 4 in Table 4.1. Figure 5.41
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Time (ns)
F ig u re  5.37: A time spectrum  showing the decay of the £*=2239.1 keV  isomeric 
state  in 123Sb, w ith a measured half live of T1/ 2=190(20) ns.
F ig u re  5.38: Double-gated spectrum  showing the time difference between the 201 
keV  7  ray and the 381, 626 and 1030 keV  transitions. The half-life of the £*=2038.2 
keV  state is T x/ 2= 40(2) ns, measured using a y ? /v  minimisation of a Gaussian plus 
exponential fit.
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shows a germanium time spectrum of the double-gated delayed transitions from the 
isomeric £ x=3010.3 keV state, using Cube 9 in Table 4.1. Relative to the accelerator 
RF signal, the half-life of the decay is measured as £ 4/2= 1 8 (5 ) ns. Data points close 
to the prompt part of the spectrum were not included in the fit due to uncertainties in 
the subtraction procedure.
The £ x=3685.4 keV state was tentatively assigned a spin and parity of / 7r= (27/2") 
by Regan et al. [119]. It is not possible to make precise intensity ratios between a 7  
ray in prompt and delayed, due to Doppler broadening. However, by comparing the 
two (identically gated energy) spectra in Fig. 5.40, a qualitative intensity comparison 
of the 980 and 305 keV transitions does not indicate that the £ x=3010.3 keV isomeric 
state is more yrast than the £ x=3685.4 keV state. It therefore unlikely that these 
states have the same spin, and consequently the E x—3010.3 keV state is tentatively 
limited to spin, £=(23/2, 25/2)#. It was not possible to measure the multipolarity 
of the 305 keV transition with angular correlations or intensity balance techniques, 
due to low statistics. Weisskopf single-particle transition rates for the 305 keV tran­
sition with E l or Ml multipolarity are £ (E l)= 6 .2x lO - 7  W.u. or £ (M l)= 4 .3 x l0 -5  
W.u. respectively. An E l assignment may suggest a very retarded transition, however 
Endt [115] shows that E l transitions in this region can be hindered to this magnitude. 
Examples of other hindered E l transitions in this region can also be seen in Ref. [120].
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F ig u re  5.39: Partial level scheme for transitions observed in " M o  from the short 
pulsing experiment. W idths do not represent absolute intensity measurements, but 
rather provide an indication to the relative strengths of different 7 -ray decay paths.
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F ig u re  5.40: Double-gated spectra showing 7-ray decays in " M o  from the short
pulsing experiment. The spectra in the top and bottom  panels are the prompt 
and delayed projections of the {482, 693}{846} gate respectively. Contaminants are 
indicated by asterisks (*).
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F igure 5.41: A time spectrum  showing the decay of the 3010.3 keV  isomeric state, 
with a measured half live of T1/2=18(5) ns. A prom pt component (contamination) 
was subtracted using a prom pt time spectrum  gated on 7  rays with approximately 
the same energy, from non-isomeric states. The half life fit was performed over the 
range indicated.
C h ap ter 6
D i s c u s s i o n  a n d  C o n c l u s i o n s
T hese experim ents have successfully u tilised  different beam -pu lsing  conditions to  
s tu d y  th e  decay of nuclear s ta te s  w ith  a  large range of lifetim es, syn thesised  using deep- 
inelastic  an d  fusion-fission reactions. R esu lts from  deep-inelastic reactions concen tra te  
on th e  p o p u la tio n  of isom eric s ta te s  in  well deform ed hafn ium  nuclei w ith  long lifetim es 
th a t  derive from  th e  app ro x im ate  conservation of th e  If -q u a n tu m  num ber. R esults from  
fusion-fission reactions s tu d y  isom eric decays th a t  are, in co n tra s t to  high-AT isom ers, 
near spherical nuclei an d  decay w ith  low-energy, h igh -m ultipo larity  tran sitio n s . A 
discussion follows for resu lts  from  b o th  deep-inelastic an d  fusion-fission reactions.
6 . 1  D e e p - I n e l a s t i c  R e a c t i o n s
6 . 1 . 1  P r e v i o u s l y  U n o b s e r v e d  D e c a y  B r a n c h e s  i n  H f  N u c l e i
179 Hf
T h e  resu lts  ob ta in ed  for 179H f in th is  experim ent are  in  general unrem arkable, 
since th ey  do n o t g reatly  expand  upon  th o se  rep o rted  by M ullins et al. [95], T h e  
resu lts  do, however, illu s tra te  th e  very h igh  quality  of th e  experim en tal d a ta , which 
represen ts an  ideal an d  un ique o p p o rtu n ity  to  s tu d y  high-spin isom ers in, particu larly , 
i77,i78jj£_ T h is  said, th e re  are  a  num ber of conclusions th a t  can  be  m ade for 179H f to  
augm ent th o se  m ade by M ullins et al.
Precision half-life an d  7 -ray  in ten sity  m easurem ents in 179H f enable us to  deter-
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m ine reduced  h indrance facto rs (discussed in Section 2.5) of tran s itio n s  from  isom eric 
s ta te s  w ith  an  im proved degree of accuracy. T able 6.1 shows reduced  h indrances an d  
W eisskopf tran s itio n  ra te s  for decays from  isom eric s ta tes  in 179Hf. R educed h indrances 
ca lcu la ted  for th e  171 an d  847 k e V  tran s itio n s  are consistent w ith  those  rep o rted  by 
M ullins et a l  (/„= 7 2 (1 8 ) an d  37(6) respectively), whilst those  for th e  516 an d  541 
k e V  tran sitio n s have been ca lcu la ted  for th e  first tim e.
T h e  reduced  h indrance an d  W eisskopf single-particle tran s itio n  ra te s  change d ra ­
m atically  betw een th e  847, 541 an d  91 k e V  E 2 transitions, a lthough , th e y  are all w ith in  
system atic  lim its discussed by L obner [25] (see Fig. 5.22). T h e  reduced  h indrance for 
th e  541 k e V  tran s itio n  appears to  b e  qu ite  large. I t  is m ore th a n  6 tim es larger th a n  th e  
i /= l ,  F 7=251 k e V ,  E 2 tran s itio n  from  th e  K 1V= 21~, T j/2= 6 4  n s  isom er in nearby  178W  
[122] (/„= 2 1 4 ). However, th e  B (E 2) of th e  541 k e V  tran s itio n  is only slightly  m ore 
h indered  th a n  those  of allowed, A K —2 , E2 tran s itio n s  in neighbouring  nuclei, such as 
th e  97 k e V  7  ray  from  th e  K n= 2 2 ~ , T j/2= 4 3  p s  s ta te  in  176H f (B (E 2)= 0 .0052  W .u .)
[93], th e  86 k e V  7  ray  from  th e  K 7T= 4 9 /2 “ , T j/2= 192  p s  level in  177T a (B (E 2)=0.0013 
W .u .) [105] or th e  73 k e V  tran s itio n  from  th e  K n= 14+ , T j/2= 5 8  p s  s ta te  in 176Lu 
(B (E 2)= 0 .0064  W .u .) [106].
Conversely, th e  allowed, A K = 2 , 91 k e V  7 -ray  has a  tran s itio n  ra te  approxim ately  
tw o orders of m ag n itu d e  larger th a n  th o se  in neighbouring nuclei. In  fact, if th is  7  ray  
were to  decay w ith  a  tran s itio n  ra te  com parab le to  those  in  neighbouring  nuclei, one 
w ould n o t expect to  observe it in this, experim ent a t  all. T h e  1352 k e V  7  ray  was 
observed w ith  a com parable re la tive  in ten sity  to  th a t  rep o rted  by M ullins et a l , w hich 
provides independen t evidence of th e  anom alous tran s itio n  s tren g th  for th e  91 k e V  
tran sitio n .
A  clear exp lana tion  for th e  fast 91 k e V  tran sitio n , as yet, can n o t b e  provided. 
However, it has been  suggested  [95] th a t  th e  K n—(2 9 /2 “ ) s ta te , to  which th e  91 k e V  
tran s itio n  decays, arises from  a  K 7r= 2+ phonon coupled to  th e  K * = 2 5 /2 “ quasi-partic le  
configuration. T h is s ta te  is ca lcu la ted  by Soloviev [123] to  exist a t  an  energy of 2 .2 (2 ) 
M e V , w hich is w ith in  tw o s ta n d a rd  dev iations of th e  em pirically  observed K n= (29/2~ ) 
level. In  add ition , th e  re la tive  energy of th e  A 7r= 2 5 /2 “ an d  (2 9 /2 " ) s ta te s  (1352 k e V )  
is com parable to  th a t  of th e  g round  s ta te  K 7r= 2+ phonon excita tion  in 178H f (1175
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k e V )  [24]. I t  m ay be  th a t  th e  v ib ra tio n al charac te r of th e  2 9 /2  level is re la ted  to  th e  
s tren g th  of th e  91 k e V , E2 w hich p o p u la tes  it.
177H f
T h e  identification  of a  weak M3 decay b ranch  from  th e  K n= 3 7 /2 " , £ 4/ 2 = 5 1  m in  
isom er once again illu stra tes  th e  excellent quality  of th e  d a ta  from  th is  experim ent. T h e  
reduced  h indrance values ca lcu la ted  for th e  E3 an d  M3 decay branches are provided in 
Table 6.1. T h e  M 3 branch  is unique, since it is th e  only know n 3 tim es If-fo rb id d en  M3 
tran s itio n  from  a  m ulti-quasipartic le  s ta te . To com pare, low-spin isom ers decaying v ia  
A I f= 5 ,  M3 tran s itio n s  in 174Lu an d  188R e decay w ith  /„= 1 2 4 0  an d  10 respectively. T he  
value of reduced  h ind rance for th e  M3 tran s itio n  is of th e  expected  o rder of m agnitude. 
I t  expresses th e  p ers is ten t robustness of th e  If -q u an tu m  num ber a t  ex trem e changes 
in angu lar m om entum , from  high-spin, m u lti-quasipartie le  sta tes. T h is  effect however, 
rem ains to  b e  expressed in  a  q u an tita tiv e  th eo re tica l basis.
6 . 1 . 2  E l u s i v e  I s o m e r s  i n  178H f
Section 5.1.3 discusses, in  som e deta il, th e  ex ten ts to  which d a ta  from  these  exper­
im ents were used to  search for isom ers in  178Hf, p red ic ted  by blocked BCS calculations 
p resen ted  in Section 2.6.1. M ulti-quasipartic le  s ta tes  w ith  K n—19+ an d  22" were p ro­
jec ted  to  be y ra s t or near y rast, an d  isom eric since th ey  would decay to  s ta te s  w ith  a  
significant change in  th e  K  q u an tu m  num ber ( I f  > 3 ). Evidence for th e  existence of 
e ither isom er was n o t estab lished  in these  experim ents. However, w ith  th e  assum ption  
th a t  th e  s ta te s  exist, one can use th e  analysis from  these  experim ents to  im ply p o ten ­
tia l decay p a th s , an d  lim it b o th  th e  energy an d  half-life of th e  7  ray(s) decaying from  
th e  I f 7r= 1 9 + a n d /o r  22“  s ta tes. In  order to  m ake these conclusions, it  m ay be helpful 
to  in itia lly  sum m arise resu lts  from  these  experim ents.
F igure 6.1 shows a  flow d iagram , sum m arising  th e  isom er popu la tion , lifetim es, 
decay p a th s  an d  th e  experim ental observables in each case for isom eric decays to  th e  
/ f 7r= 1 6 + band . R ed boxes are  rep resen ta tive  of po ten tia l isom eric decay scenarios th a t  
have been  e lim inated  in  th e  experim ental analysis, w hilst yellow boxes are those  th a t  
rem ain  plausible. A descrip tion  an d  discussion for each section of th e  flow diagram
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follows.
P o p u la t io n
Evidence p resen ted  in Section 5.1.3 suggests th a t  178H f has been  p o p u la ted  to  a  
sufficient m ag n itu d e  of angu lar m om en tum  w ith  which to  p o p u la te  s ta te s  of spin 1= 19  
an d  22 h. T h e  in itia l assessm ent of th e  spectroscopic resu lts in  179H f illu s tra te  th e  
im pressive spin p o p u la tio n  an d  in tensity  achieved in  these experim ents, especially w ith  
com parison to  previous stud ies [95]. C om bining th is  quality  of d a ta  w ith  th e  clarity  
of decay spectroscopy, provides a  very pow erful too l w ith  w hich to  s tu d y  high-spin 
isom eric sta tes. D espite th is , u n ce rta in ty  rem ains over w hether th e  m u lti-quasipartic le  
s ta te s  are  sufficiently near y ra s t to  be  popu la ted .
Blocked BCS calculations, p resen ted  in  Section 2.6.1, consisten tly  p red ic t isom eric 
m u lti-quasipartic le  s ta te s  over a  range  of nuclei. T he accuracy of th e  s ta te  energy in 
these calculations is, however, lim ited , an d  therefore th e  yrastness of these  h ig h -If  
s ta te s  is unclear. T able 6.2 com pares em pirically  observed s ta te  energies (taken  from  
Refs. [92, 93, 94, 23, 95, 96]) w ith  those  from  blocked BCS calcu lations for h ig h -If 
isom ers in  176- 180Hf.
T h e  I f 7r= 22~  s ta te  in  176 Hf has a  n o tab ly  large d iscrepancy betw een observed and  
ca lcu la ted  s ta te  energies. T h is  is because th e  blocked BCS calcu lations do n o t include 
th e  residual in terac tio n  described by G allagher an d  Moszkowski [38] (see Section 2.6.1). 
Since th e  I f 7r= 2 2 “ s ta te  configuration is unfavoured by th e  residual in teraction , th e  
calcu lation  for its  energy is artific ially  low [37].
O th e r unfavoured m ulti-quasipartic le  configurations are  n o t included  in  th e  tab le . 
T h e  m ean an d  its  s ta n d a rd  dev iation  of th e  energy differences betw een th e  ca lcu lated  
an d  experim ental s ta te  energies in T able 6.2 are  + 6 5  and  218 k e V  respectively (ex­
cluding th e  I f 7r= 22~ isom er in  176H f). I t  is in ap p ro p ria te  to  consider th is  descrip tion 
as a  q u an tita tiv e  guide to  th e  accuracy  of th e  s ta te  energy pred ic tions, since th e  energy 
varia tions could n o t b e  described as sta tis tica l. O ne can  see however, th a t ,  on average, 
th e  ca lcu la ted  s ta te  energies are  lower th a n  those  of th e  experim entally  observed levels, 
an d  differ by up  to  a  few h u n d red  k e V .
In  order to  estab lish  w hether th e  ca lcu la ted  I f 7r= 1 9 + an d  22“ s ta te s  are  likely to
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must still be considered possible.
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be y ra s t, it is useful to  com pare th e ir p red ic ted  energies w ith  those  of th e  em pirically  
observed I n—19+ an d  22+ m em bers of th e  K w= 16+ band , an d  consider th e  im plications 
of th e  ca lcu la tio n ’s accuracy. T able 6.3 com pares th e  energy of th e  s ta te s  p red ic ted  
using th e  BCS calcu lations w ith  those  of th e  sam e spin, observed experim entally , in 
th e  K * = 16+ band . T h e  energy of th e  p red ic ted  K n—19+ s ta te  is 99 k e V  m ore th a n  
th a t  of th e  J 7r= 1 9 + m em ber of th e  K 7r—16+ band . W ith  th e  inclusion of th e  m ean 
energy difference, th e  energy of th e  ca lcu la ted  K v= 19+ s ta te  is 164 k e V  above th e  
J 7r= 19+  level. If th e  s ta te  exists a t  th is  energy, one would expect, qualitatively , th a t  
it  w ould b e  sufficiently near y ra s t to  be  p o p u la ted  in these  experim ents. If th e  energy 
difference of th e  ca lcu la ted  I f 7r= 1 9 + s ta te  is one s tan d a rd  dev ia tion  (or m ore) higher 
th a n  th e  m ean, th en  one should  begin  to  consider th e  s ta te  non-yrast, an d  increasingly 
m ore difficult to  popu la te . In  co n tra s t to  th is  argum ent, th e  K * = 14“ s ta te  in 178H f is 
non-y rast an d  significantly p o p u la ted  in th ese  experim ents. However, w ith  increasing 
angu lar m om entum , one w ould expect a  decrease in  th e  p o p u la tio n  of n on-y rast s ta tes.
T h e  energy of th e  K n= 19+ s ta te  is generally  m ore im p o rtan t in these  discussions, 
since th e  K v = 2 2“  s ta te  is likely to  decay v ia  th e  K n—19+ level. I t  is however, w orth  
m ention ing  a  few words ab o u t th e  energy of th e  p red ic ted  K n= 2 2 “  s ta te  calcu lated  
w ith  blocked BCS calculations. T h e  difference betw een th e  ca lcu la ted  energy of th e  
K n—22“  s ta te  an d  th a t  of th e  I n—22+ m em ber of th e  K v —16+ b an d  is 634 k e V  (see 
T able 6.3). Even if one considers th e  m ean  energy difference betw een th e  ca lcu lated  
an d  observed s ta te  energies, th e  K v —2 2 “ s ta te  should  rem ain  m ore y ra s t th a n  / 7r= 2 2+ 
m em ber of th e  K 7r= 16+ b an d  by a  considerable m argin. However, i t  is also im p o rtan t 
to  consider th e  residual in te rac tio n  in  th e  pred ic tion  of s ta te  energies. Unlike th e  
K n= 19+ s ta te , th e  configuration  of th e  K ir= 2 2“ s ta te  is unfavoured in th e  residual 
in te rac tio n  (Table 6.3 provides th e  Nilsson configurations), an d  like th e  K 1T= 22“ s ta te  
in 176Hf, th e  calcu lated  energy of th e  s ta te  is likely to  be  lower th a n  th a t  of th e  ac tu a l 
s ta te  by several hun d red  ke V .
In  sum m ary,
•  T h e  experim ental sensitiv ity  to  observing th e  p red ic ted  m ulti-quasipartic le  s ta tes  
depends strong ly  on how y ra s t th ey  are  w ith  respect to  th e  ro ta tio n a l m em bers of th e  
K 7r—16+ w ith  th e  sam e angu lar m om entum .
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•  Blocked BCS calculations of s ta te  energies can only be  considered accu ra te  to  w ith in  
a  few hundred  ke V .
•  T h e  i P r= 1 9 + s ta te  has a  p red ic ted  energy close to  th a t  of th e  I * = 19+ m em ber of 
th e  K * = 16+ band , b u t w ith  th e  inclusion of th e  average energy difference betw een 
observed an d  calcu lated  s ta tes , th e  i C = 1 9 + s ta te  is n o t y ra s t by  ~ 1 5 0  k eV .
•  Successful p opu la tion  of th e  K v —19+ s ta te  is therefore uncertain .
•  T h e  accuracy of th e  p red ic ted  K n= 22“  s ta te  energy is n o t quantifiable, since th e  
residual in te rac tio n  is n o t included  in th e  blocked BCS calculations.
L ife t im e
T h e  sensitiv ity  of th e  experim ent to  th e  decay of th e  p red ic ted  m ulti-quasipartic le  
s ta te s  depends up o n  th e  in tensity  of th e  7  rays, which in tu rn  depend  on th e  isom eric 
ha lf life an d  th e  p o p u la tio n  in ten sity  (discussed in  th e  previous section). D ue to  th e  
con trib u tio n  of b o th  of these  factors, it  is difficult to  estab lish  an  up p er lim it for th e  
isom eric half-life. In  th e  flow d iagram  th e  u p p er lim it is given in  th e  order of hours. 
However, depending  on th e  p o p u la tio n  in tensity  it  could be up  to  5 days.
T h e  observation of 7  rays from  th e  K n=22~  m u lti-quasipartic le  s ta te  depends 
upon  th e  ha lf life of th e  K n= l 9+ s ta te  com pared  w ith  th e  tim e  of th e  coincidence 
w indow  (discussed in Section 4.2.2). If th e  ha lf life is m uch longer th a n  th e  coincidence 
window, th en  tran s itio n s  decaying to  th e  K 1X= 19+ isom er will n o t b e  seen in coincidence 
w ith  those  below, an d  th e  experim ent becom es insensitive to  7 -ray  decays from  th e  
K 7r=22~  isom er. I t  is difficult to  p lace a  m axim um  tim e on th e  coincidence lim it, since 
th e  in tensity  of th e  isom eric decays are  also im p o rtan t. I t  should, however, be in  th e  
order of 1  gs.
D e c a y  P a t h
F igure  5.15 exam ines th e  possible decays p a th s  from  th e  K n= 19+ an d  22” s ta te s  
to  th e  i C = 1 6 + band . If th e  lifetim e of th e  19+ s ta te  is sm aller (larger) th a n  th e  
coincidence lim it, one w ould expect th e  m ultip licity  of events w ith  7  rays from  th e  
decay of th e  p red ic ted  s ta te s  be  less th a n  or equal to  five(three), depending  to  which 
s ta te  in th e  16+ b an d  th ey  decay to.
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T ab le  6 .2 : Experim ental state energies, E exp compared w ith those from blocked
BCS calculations, E b c s  for high-A  isomeric states in hafnium nuclei.
Nucleus A 77 E b c s  (k e V ) E exp (k eV ) E exp-E Bc s  (k eV )
176H f 6+ 1359 1333 -26
8“ 1369 1559 190
14” 2729 2866 137
19+ 4170 4377 207
22“ 4223 4864 641
m H f 19/2“ 1710 1343 -367
23/2+ 1283 1316 33
37/2” 2401 2741 340
39/2+ 2804 3107 303
178 H f 6+ 1688 1554 -134
8“ 917 1147 230
14“ 2607 2749 142
16+ 2118 2447 329
179H f 25/2“ 1162 1106 -56
33/2“ 2768 2549 -219
39/2“ 3464 3438 -26
43/2+ 3446 3774 328
180H f 8“ 1128 1143 15
14+ 2789 2539 -250
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E x p e r im e n ta l  O b s e rv a b le s
(A ) (Box in  up p er p a r t  of F ig. 6.1) Following from  Section 6.1.2, th e re  is evidence 
for th e  p o p u la tio n  of s ta te s  w ith  1=19 an d  22 fi in  178Hf, an d  th e  successful pred ic tion  
of isom eric m ulti-quasipartic le  s ta te s  using BCS calculations. U ncerta in ty  rem ains over 
th e  s ta te  p o p u la tio n  (due to  y rastness) an d  lifetim e (discussed in Section 6 .1 .2 ). T h is 
case rem ains a possibility, since no evidence for th e  decay of th e  K n= 19+ or 22“ s ta te s  
has been  observed experim entally.
(B )  If th e  ca lcu lated  energy is correct to  w ith in  one s ta n d a rd  dev iation  of th e  
m ean  energy difference betw een experim ental an d  calcu lated  s ta te s  (discussed in  Sec­
tio n  6 .1 .2 ), th en  th e  K * = 19+ s ta te  should  decay to  th e  J 7r= 18+ a n d /o r  19+ s ta te s  in 
th e  RT7r= 1 6 + band. G am m a rays from  th e  K 'K=22~  an d  19+ s ta te s  should  b e  observed 
in  a  p ro m p t or delayed p ro jec tio n  of a  double g a te  betw een th e  357 an d  377 k e V  7  rays. 
However, resu lts in  Section 5.1.3 (in p a r tic u la r  F ig  5.17) do no provide any cand ida tes 
for such transitions, an d  th is  case can th u s  be  elim inated.
(C )  T he  energy of th e  i C = 1 9 + s ta te  should  be m ore th a n  400 k e V  lower in energy 
th a n  E Bc s ( 19+), in  order for i t  to  decay v ia  th e  / 7r= 1 7 + m em ber of th e  K n= 16+ band . 
T ransitions from  th e  K n= 22“  s ta te  should  subsequently  be observable in  a  double g a te  
on th e  357 k e V  tran s itio n  w ith  H f X -rays. T h e  sp ec tra  in  Fig. 5.18 do n o t provide any 
can d id a te  tran sitio n s , an d  so th is  case can  b e  elim inated.
(D ) In  o rder for th e  A 7r= 1 9 + s ta te  to  decay d irectly  to  th e  K n= 16+ bandhead , 
it  m ust lie close to , or below th e  J 7r= 1 7 + s ta te . T his corresponds to  an  energy 800 
k e V  lower th a n  th a t  of th e  ca lcu la ted  K n= 19+ s ta te . Such a  large energy difference is 
unpreceden ted  in  calculations for m ulti-quasipartic le  s ta tes  in o th er nuclei (see Table
6.2  an d  Ref. [37]). T h e  single 7  ray  from  th e  i C = 1 9 + s ta te  w ould have unknow n 
energy. C onsequently  i t  would n o t be  possible to  observe 7 -rays from  th e  K n= 19+ 
or 22“  s ta te s  in  th is  circum stance. If th e  K n= l9 + s ta te  is lower in  energy th a n  th e  
j7r=17+ m em b er of th e  K n lQ+ band , it  will decay v ia  a  M 3(+ E 4) tran s itio n  to  th e  
K 'K= 16+ b an d h ead  w ith  an  energy of less th a n  350 ke V .  T h e  W eisskopf single-partic le 
es tim ate  for a 350 k e V  M3 tran s itio n  is 0.57 s. T his half life is m uch larger th a n  th e  
coincidence window, an d  so th is  case can b e  elim inated.
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(E )  If  th e  ca lcu la ted  energy of th e  K 'K= 19+ s ta te  is correct to  w ith in  one s tan d a rd  
dev ia tion  of th e  m ean energy difference betw een experim ental an d  ca lcu lated  s ta tes , 
th en  th e  K ir= 19+ s ta te  should  decay to  th e  77r= 1 8 + a n d /o r  19+ s ta te s  in  th e  K 'K=1Q+ 
b and . O bservation  of a  7  ray  from  th e  i± 7r= 1 9 + s ta te  will depend  upon  its  energy. 
If  th e  m issing tran s itio n  is n o t significantly  converted, it should  be  observed in  th e  
{357}{377} g a te  (see Fig. 5.17). A low -energy tran s itio n  decaying to  th e  77r= 1 8 + 
m em ber of th e  K w= 16+ b an d  w ould be  highly converted. In  th is  case th e  377 k e V  
7  ray  should  be  observed in  th e  {357}{55} gate, unless th e  7 -ray  energy has a  lower 
energy th a n  th e  JL-electron b ind ing  energy (E 7 <  55 ke V ). No can d id a te  7  rays have 
been observed in e ither set of gates. T h e  half-life for a  50 ke V ,  M l 7  w ith  v ~ 2  can  be 
re s tr ic ted  to  a  m inim um  of approx im ate ly  10  m s , by com paring  system atic  values of 
f t  discussed in  Section 5.1.3. T h is  case rem ains a  possibility  for E 7 <  55 k e V .
(F )  If th e  energy of th e  17^=19+ s ta te  is m ore th a n  400 k e V  lower in  energy th a n  
th e  calcu lation , th en  one w ould expect a  decay to  th e  77r= 17+ m em ber of th e  K n= 16+ 
b and . O bservation of isom eric decay depends on th e  energy of th e  7  ray  from  th e  
K n= 19+ s ta te . No sa tisfac to ry  can d id a te  tran s itio n s  were observed in  th e  m ultip licity  
two, 357 k e V  energy gates discussed in  Section 5.1.3. A lternatively , it  is possible th a t  
th e  isom er decays w ith  a  low-energy, highly-converted  tran s itio n , w hich would n o t be 
observable in  coincidence w ith  a  357 k e V  7 -ray  gate. T h e  experim ental sensitiv ity  to  
low-energy 7  rays depends u p o n  b o th  th e  m agn itude of in te rn a l conversion an d  th e  
in tensity  of th e  isom eric decay. If one assum es an  E2, v = 1 tra n s itio n  decaying from  
th e  K n—19+ isom er w ith  app rox im ate ly  th e  sam e in tensity  as th e  h ighest spin isom ers 
observed in 176,179>180Hf (see Fig. 5.2), th e  7 -ray  energy can b e  lim ited  to  £ 7 <  100 ke V .  
T h is  re s tric ts  th e  h a lf life of an  E2 tran s itio n  from  th e  K * = 19+ s ta te  to  th e  I n—17+ 
m em ber of th e  K 7r—16+ b an d  to  1 p s  < T i / 2  < 1 0  m s  (see Fig. 5.21), using argum ents 
based  on th e  system atic  restric tions of reduced  h indrance discussed in  Section 5.1.3.
(G )  In  order for th e  K n= 19+ s ta te  to  decay directly  to  th e  AT7r= 1 6 + bandhead , 
i t  m ust lie close to , or below  th e  77r= 1 7 + s ta te . This corresponds to  an  energy 800 
k e V  lower th a n  th a t  of th e  ca lcu la ted  19+ s ta te . Such a  large energy difference is 
unpreceden ted  in calcu lations for m u lti-quasipartic le  s ta tes  in  o th er nuclei (see Table
6.2 an d  Ref. [37]). T h e  777r= 1 9 + w ould decay to  th e  77r= 1 7 + m em ber of th e  77^=16+
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ban d , v ia  a  M 3(+ E 4) tran s itio n , u n h indered  by th e  K  q u an tu m  num ber, an d  w ith  
energy of less th a n  £ 7 =  350 ke V .  T h e  W eisskopf single-partic le es tim ate  for a  350 
k e V  M3 tran s itio n  is 0.57 s. T h is case rem ains a  possibility.
Summary
•  Evidence shows th a t  178H f has been  p roduced  w ith  enough angu lar m om entum  to  
p o p u la te  s ta te s  of spin  7 = 1 9  an d  22 h.
•  I t  is questionable w hether th e  777r=19+  an d  22“ m ulti-quasipartic le  s ta te s  are  y ra s t 
or near y ra s t, since th e  blocked BCS calculations used to  p red ic t th e ir  energies can 
only be  considered as a  guide, accu ra te  to  a  few hundred  keV .
•  T here  is no experim ental evidence for tran s itio n s  in  cases B, C an d  D.
•  G iven th e  b road  accuracy  of th e  calcu lations, it is unlikely th a t  th e  difference betw een 
th e  experim ental an d  ca lcu lated  s ta te  energies is m ore th a n  500 k e V  ( ~  2 s tan d a rd  
deviations from  m ean energy difference). C ase G is therefore unlikely.
•  T h ere  is a  s tro n g  possib ility  th a t  th e  777r= 1 9 + s ta te  is non-yrast, due to  th e  lack of 
experim ental evidence (Case A).
•  Cases E  an d  F  also rem ain  plausib le  w ith  lim ita tions on 7 -ray  energy and  h a lf life 
(C ase E: E 1 < 55  k e V  an d  T i/2 > 1 0  m s, C ase F: E 1 <100 k e V  an d  T x/ 2 > 1  p s).
•  I t  is no tew orthy  th a t  S m ith  et al. [124] observed 7  rays from  th e  decay of 178m2Hf, th a t  
are of undeterm ined  origin. T hey  p o s tu la te  th e  existence of a  very long-lived (T i/2 > -1  
y r )  hafn ium  isom er. Such long-lived isom eric decays are beyond th e  sensitiv ity  of th is  
experim ent.
177Hf
D espite an  exhaustive search, using m any  of th e  techniques ad o p ted  for isom ers 
in 178Hf, no evidence for th e  existence of p red ic ted  high-77 s ta te s  in  177H f have been  ob­
ta in ed  in these  experim ents. Table 6.3 shows th e  energies an d  configurations of high-77 
s ta te s  p red ic ted  by blocked BCS calculations. T h e  K v= 4 3 /2 “ s ta te  is analogous to  th e  
K *=19+ s ta te  in 178Hf, in th a t  one w ould expect p red ic ted  s ta te s  w ith  higher 77 (and  
energy) to  decay v ia  th is  s ta te , ra th e r  th a n  directly  to  th e  777r= 3 9 /2 +  or 3 7 /2 "  config-
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ura tions. T h e  successful iden tification  of th e  A 7r= 4 3 /2 -  s ta te  is therefo re  m ore likely 
th a n  th e  p red ic ted  K n—4 5 /2 + or 4 9 /2 “ levels. Since no h ig h -A  s ta te s  were identified 
in  these experim ents, one can  draw  som e conclusions on th e  n a tu re  of th e  p red ic ted  
sta tes , based  upon  those  m ade for th e  A 7r= 1 9 + s ta te  in 178Hf (in Section 6.1.2).
•  T h ere  is a  s trong  possib ility  th a t  th e  A 7r= 4 3 /2 “ s ta te  is non-yrast.
•  T h ere  is a  possib ility  th a t  th e  A 77= 4 3 /2 “ s ta te  exists a t an  energy below  th e  J 7r= 4 1 /2 + , 
£ x= 3467  k e V  s ta te , decaying v ia  a  long-lived, h igh m u ltip o larity  tran sitio n . T h e  ex­
p erim ents discussed in th is  rep o rt were n o t sensitive to  such decays.
6 . 1 . 3  C o n f i g u r a t i o n - C o n s t r a i n e d  C a l c u l a t i o n s  f o r  177>178H f
C onfiguration-constrained  energy-surface calculations (de ta iled  in  Section 2 .6 .2 ) 
were perform ed by F . X u [125] for m ulti-quasipartic le  s ta te s  in  177,178Hf, to  com pare 
w ith  blocked BCS calculations. T h e  configurations used in  th e  calcu lations are  identical 
to  those  from  blocked BCS calculations, show n in  Table. 6.3. F igures showing th e  to ta l  
energy surfaces can be  seen in Figs. 6.2 an d  6.3 for 177Hf an d  178H f respectively. T hese 
p lo ts illu s tra te  th a t  177>178H f persisten tly  exhib it axially  sym m etric  shapes w ith  alm ost 
co n stan t deform ation, as m ore quasipartic le  pa irs  are broken. T h e  energies of calcu lated  
s ta te s  are  given in Table 6.4, com pared  w ith  those of blocked BCS calcu lations and  
th e  experim entally  observed levels. O ne can  see im m ediately, th a t  s ta te  energies from  
configuration-constra ined  calcu lations are  consisten tly  h igher th a n  th e  experim entally  
observed levels.
T h e  energies of th e  A 7r==43/2-  an d  19+ m ulti-quasipartic le  configurations, in 
177H f an d  178H f respectively, are  m uch larger th a n  those from  blocked BCS calculations. 
T hey  are also > 1  M e V  larger th a n  th e  experim entally  observed y ra s t s ta te s  w ith  th e  
sam e spin, which su p p o rts  th e  assertion  th a t  th e  s ta te s  are  non-yrast. In terestingly , th e  
ca lcu la ted  energies of th e  A 7r= 4 9 /2 “ an d  22“  s ta tes, in 177Hf an d  178Hf respectively, 
are  very close to  those  of th e  y ra s t levels a t  these  respective spins. O ne could perh ap s 
consider these  s ta te s  to  b e  y ra s t, since th e  calcu lated  energies a re  system atically  high, 
consisten t w ith  th e  blocked BCS calculations. If th e  A 7r= 4 9 /2 “  an d  2 2 “ s ta te s  were 
to  exist a t  lower energy th a n  th e  A 7r= 1 9 + , 4 5 /2 + an d  4 3 /2 “ levels, one would expect 
th em  to  decay v ia  highly A -h in d e red  tran s itio n s  to  th e  A 7r= 1 6 + band . T h e  lifetim e of
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associa ted  isom eric decays m ay b e  beyond th e  sensitiv ity  of th is  experim ent.
6 . 1 . 4  C o n c l u s i o n s  a n d  O u t l o o k
T h e  spectroscopic d a ta  for H f nuclides is of unparalleled  quality  in com parison 
w ith  previous experim ents. T h is  is i llu s tra ted  by th e  num ber of previously  unobserved 
decay branches from  isom eric s ta te s  in  177H f an d  179Hf, th a t  are rep o rted  here for 
th e  first tim e. T h e  M3 decay b ranch  from  th e  K 1T—37/2~  isom er in  177H f is th e  first 
of its  k ind  identified from  a  h igh-spin  m ulti-quasipartic le  isom er. However, desp ite 
th e  quality  of th e  d a ta , an d  th e  intensive an d  prolonged d a ta  analysis, no previously 
unobserved, high-17 isom ers were identified in  177Hf or 178Hf. T h is could be  due a 
num ber of factors, essentially  lifetim e, y rastness an d  low m ultip lic ity  decay, or a  com ­
b in a tio n  of each. G iven th e  confidence th a t  th e  s ta tes  p red ic ted  w ith  blocked BCS an d  
configuration-constra ined  calcu lations exist in 177,178Hf, how w ould one refine experi­
m en tal featu res in  order to  identify  th e  decay of these  levels?
T h e  in ten tion  of these  experim ents was to  identify  low -intensity  h igh-spin  isom eric 
decays in s tab le  H f nuclei. D eep-inelastic collisions (DIC) rem ain  th e  b e s t m echanism  
by w hich to  achieve such objectives, using stab le-beam  accelerator facilities. T h e  m a­
jo r problem  experienced in  th is  experim ent however, was th e  enorm ous num ber of 
nuclei synthesised, especially from  fusion-fission reactions betw een th e  178Hf pro jectiles 
an d  th e  27Al ta rg e t fram e. Subsequently, in  order to  ex trac t low -intensity  tran sitio n s  
from  th e  d a ta , doub le-ga ted  7 -ray  restric tions were required  to  rem ove con tam inations 
(p articu larly  evident, for exam ple, in  th e  sp ec tra  in Fig. 5.17), w hich m akes low m ul­
tip lic ity  cascades very difficult to  identify. Refining th e  D IC  experim ent m ay help in 
th is  regard . Using a  178H f b eam  an d  178H f ta rg e t com bination  should  reduce th e  num ­
ber of D IC  p roduc ts , a lthough  one would also expect an  increase in th e  num ber of 7  
rays from  Coulom b excita tion  an d  som e fusion-fission (a lthough  significantly less th a n  
observed in th is  experim ent). C om bining th is  w ith  p artic le  iden tification, using for 
exam ple CH IC O  [126] p lus G A M M A SPH E R E  [56], could be sufficient to  isolate low- 
intensity, low -m ultiplicity  decays from  isom eric sta tes . D isadvantages to  using p artic le  
identification reside in a  lim ited  7 -partic le  correlation  tim e (p u ttin g  a  sh o rt u p p er lim it 
on th e  experim ental half-life), an d  th e  re la tively  low yield of th in -ta rg e t experim ents
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w hen com pared w ith  th ick  ta rg e t.
In  th e  fu tu re , w ith  th e  in tro d u c tio n  of increasingly m ore p roduc tive  radioactive- 
b eam  facilities, it  m ay b e  possible to  perfo rm  a  num ber of in teresting  experim ents 
w ith  isom ers in  H f nuclei. T h e  possib ility  of isom eric beam s an d  heavy-ion reactions 
w ith  rad ioactive beam s could yield som e in teresting  resu lts. For exam ple, th e  fusion 
evaporation  of 134Te (T i/2= 4 2  m in) on 48C a should  p roduce very h igh-spin  s ta te s  in 
hafn ium  nuclei, including 178Hf.
6 . 2  F u s i o n - F i s s i o n  R e a c t i o n s
6 . 2 . 1  P a r t i c l e  A l i g n m e n t s  i n  " M o
T h e  77r= 2 1 /2 +  isom eric s ta te  in  th e  N = 5 7  isotone 105C d has a  rep o rted  configura­
tio n  of vd § / 2  <8> 7t(</9/2)~ 2 as deduced  from  th e  g-factor m easurem ent in  Ref. [127]. T he  
analogous m axim ally-aligned coupling of th e  (<?9/2)2 p ro tons w ith  vd$/2 an d  vg7/2 should  
form  s ta te s  in " M o  w ith  J 7r= 2 1 / 2+ an d  23 /2+  respectively. Since we have re str ic ted  
th e  sp in  of th e  isom eric s ta te  to  7 = ( 23 /2 , 2 5 /2 ), th e  77r= 2 3 /2 + , ug7/ 2®Tv(g9 / 2 )2 configu­
ra tio n  seems m ore likely. In  su p p o rt of th is  assertion, if th e  E x= 3685 k e V ,  77T= (2 7 /2 ~ ) 
s ta te  corresponds to  th e  alignm ent of th e  (<79/2)2 p ro tons coupled to  th e  v h n / 2 (as sug­
gested  in Ref. [128]), th e  difference in  energy betw een th e  7 7r= (2 7 /2 _ ) an d  isom eric 
£ * = 3 0 1 0  k e V  s ta te s  (675keV) is qualita tiv e ly  consistent w ith  th a t  betw een th e  y ra s t 
77r= l l / 2 ~  an d  th e  7 /2 +  s ta te s  (449 k e V ) .
6 . 2 . 2  S h e l l - M o d e l  I s o m e r s  i n  S b  N u c l e i
M icrosecond isom ers have been  observed in 121,123Sb for th e  first tim e  in  these 
experim ents. T here  are m any significant nuclear p roperties  th a t  com bine to  produce 
th e  d is trib u tio n  of s ta te s  th a t  we observe experim entally. I t  is less useful to  ta lk  ab o u t 
121 Sb an d  123Sb independently , b u t  ra th e r  to  discuss sub tle  differences betw een th e  
stru c tu res , an d  draw  conclusions th a t  in co rp o ra te  th e  system atics of neighbouring  tin  
an d  an tim ony nuclei.
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7r (g 9/ 2) 1 R o t a t i o n a l  B a n d
T h e  ro ta tio n a l b an d  in 121 Sb as been  rep o rted  previously by  P ie l et al. [129] an d  
P o rq u et et al. [45]. I t  is based  up o n  th e  77r= 9 /2 + , £ x=947.0  k e V  s ta te , identified 
as a  7r(g9/2)“ 1 s ta te  from  1=4 pickup in  tran sfe r reaction  stud ies [130]. I t  follows th a t  
th e  configuration for th is  s ta te  comes from  th e  7r9/2[404] in tru d er o rb ita l. R o ta tio n a l 
b ands w ith  th is  quasip ro ton  configuration  are observed in all odd  an tim ony  nuclei from  
A = 113-121  [109, 131, 132], b u t, interestingly , n o t in 123Sb. D ue to  a  sh arp  increase in 
energy of th e  vr(^9/2) - 1  s ta te  as one moves away from  th e  m iddle of th e  50-82 n eu tro n  
shell ( £ x= 1337  an d  1850 k e V  in  123Sb an d  125Sb respectively [130]), th e  ro ta tio n a l 
b an d  b u ilt upon  it is no longer near y ra s t in  123Sb. T his energy increase is expected, 
since residual in teractions betw een n eu tro n s an d  p ro tons increase w ith  th e  num ber of 
valence nucleons, w hich drive an  increase in deform ation. As deform ation  increases, th e  
energy difference betw een th e  p ro to n  1/2[431] an d  9/2[404] o rb ita ls  decreases, which 
in tu rn  reduces th e  energy of th e  n (<79/2) - 1  s ta te .
C ro s s in g  o f  t h e  7rd 5/2 a n d  7rg 7/2 O r b i t a l s
T h e  com parative s tu d y  of 121 Sb an d  123Sb draw s on a  very in trigu ing  aspect of 
nuclear s tru c tu re  in  th e  region: th e  energetic evolution of th e  p ro to n  75/2 an d  g^/2 
orb itals. T h e  angu lar m om entum  of th e  ground  s ta te  in an tim ony isotopes changes 
from  77r= 5 /2 + in light nuclei to  7 /2 +  in  th o se  w ith  A  >123. C onflicting explanations 
for th is  effect suggest a  s tro n g  in terac tio n  betw een n eu tro n  an d  p ro to n  o rb ita ls  [8] 
a n d /o r  a  sp in -o rb it in terac tio n  [133].
I t  is n o t th e  in ten tion  of th is  investigation  to  com m ent fu r th e r on th is  phe­
nom enon. However, th e  change in  angu lar m om entum  of th e  g round  s ta te  betw een 
121 Sb an d  123Sb ap p ears to  have a  pro found  effect on th e  d is trib u tio n  an d  decay of 
nuclear s ta tes , as one can  see by d irec tly  com paring Figs. 5.33 an d  5.25.
Y r a s t  C o n f ig u ra t io n s  in  S b  a n d  S n  N u c le i
T h e  high-spin y ra s t level s tru c tu re  of even t in  isotopes is system atically  dom i­
n a ted  by  th e  coupling of a  h u / 2  n eu tro n  w ith  v s i /2 an d  vd^/2 o rb ita ls  an d  s ta te s  form ed 
w ith  v (h ll/2 )n configurations. F igure 6.4 shows th e  y ra s t s tru c tu re  of even-Sn isotopes
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between 4=116-130, taken from Ref [134]. It can be seen that the most prominent 
yrast states in these nuclei exist at spin and parity, 77r=2+, 4+, 5", 7“ , 8+ and 10+, 
with the I'K=7~ and 10+ states consistently decaying with long, isomeric lifetimes. The 
7“ and 5“ states have predominant configurations of u{hiij26.Q/2) and ^(#n /2Si/2). The 
high-spin positive-parity states have leading configuration ^(#u /2)n with seniority, n—3 
(where seniority is the total number of unpaired particles), whilst those at low spin are 
expected to have large configuration admixtures. One would expect to observe similar 
states coupled to an odd proton in neighbouring odd-antimony nuclei.
Figure 6.5 shows systematic comparisons between the yrast states in 121Sb and 
123Sb with their Sn isotones, continued in lighter Sn and Sb nuclei by Lunardi et al.
[135]. They successfully illustrate, qualitatively, a clear correlation between states in 
these nuclei. The positive-parity states from 77r=2+ to 8+ in 120Sn and 122Sn appear 
to be energetically consistent with states of the same angular momentum, aligned 
with J 77—5/2+ and 7/2+ in 121 Sb and 123Sb respectively. One cannot assign specific 
configurations for these states, since they have complex wave functions with a large 
number of competing configurations, however, for increasing spin one would expect 
the ^(#ii/2)2 ® 7r(d5/2 or g7/2) configuration to become increasingly predominant. The 
7=25/2 and 27/2 states, inferred experimentally in 121 Sb and 123Sb respectively, are 
consistent with the 25/2+ and 27/2+ states expected from a maximal alignment of the 
odd d5/2 or g7/2 proton coupled to the 10+, ^(#n /2)2 configuration in the respective Sn 
isotone.
The negative-parity 77r=19/2" and 15/2“ states in 121Sb and 123Sb also appear 
to be energetically consistent with the 7“ and 5“ states in neighbouring tin nuclei. 
One might expect the £ x=2551.2 keV state in 121Sb to be part of the same negative- 
parity multiplet. If the spin and parity of this state is 7^=21/2", it is likely to have 
a dominant ng7/2 ® v(d5/2, #11/ 12) configuration, since it is the maximally-aligned spin 
for the configuration. One would also expect to observe this state in 123Sb. However, 
no candidate was seen above the 77r=(19/2") level experimentally.
Figure 6.6 illustrates the broader systematic evolution of negative-parity and 
maximally-aligned v{hu/2)n states in tin and antimony nuclei with increasing mass in 
the 77=50-82 shell. One can see that the energy of states in Sb nuclei change with
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F ig u re  6.4: Experimental decay schemes of Sn nuclei between +=116-134, taken 
from Ref. [134].
th e  corresponding s ta te s  in Sn nuclei. C urren t d a ta  do no t allow us to  observe th e  full 
system atics for m axim ally-aligned v ( h u /2)2 in Sb nuclei, a lthough  th e  in terpo la tion  
(short-dashed  red  line) seems to  agree im pressively w ith  th a t  of th e  sam e s ta te  in Sn. 
T he  unfilled d a ta  po in ts in th is  p lo t represen t those s ta tes  th a t  are  expected  to  exist 
ju s t above th e  observed (77r= 8 + )^ (fi11/2)2 levels (such as th e  2 1 / 2 + an d  23/2+  s ta tes  
in 121 Sb and  123Sb respectively).
C o n c lu s io n s  a n d  O u t lo o k
Spectroscopic in fo rm ation  in 121 Sb an d  123Sb has been stud ied  following pulsed- 
beam  fusion-fission reactions. T he  lifetim es of four isomeric s ta te s  have been m easured 
in these  nuclei, along w ith  m any tran s itio n s  th a t  have been observed for th e  first tim e. 
A ngular correlation  m easurem ents have helped  to  estab lish  spins and  parities  of s ta tes  
p o p u la ted  following th e  isom eric decays, which, in tu rn , have allowed a  com parison of 
s ta te  configurations w ith  isotonic, Sn neighbours. T he exc ita tion  energy of inferred,
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N eu tro n  N um ber
F ig u re  6 .6 : The evolution of negative-parity and maximally-aligned v (h n /2)2
states in Sb and Sn nuclei with iV=66-80, taken from Refs. [134, 135, 136]. Those 
with empty symbols are implied from the energy of the J  = J (n  ® v (h n /2)n)-2 state. 
The errors in the energy of these states are smaller than the symbols used to illustrate 
them.
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maximally-aligned 7r(d5/2 or g7/2)<8>Khn/2) 2 states (in 121Sb and 123Sb respectively) 
appear to agree well with the systematics of / 7r= 10 + isomers in neighbouring tin nuclei.
These experiments have provided a near-complete picture of 7 -ray decays from 
long-lived isomeric states in 121 Sb and 123Sb, with the notable exception of the A 
transitions, implicitly derived from empirical evidence. In order to achieve a more 
exhaustive systematic comparison, it would be interesting to obtain transition strengths 
for isomeric 7r(d$/2 or gi/2)®v{h\\/2)2 states in these nuclei and heavier odd-antimony 
isotopes from A=125-131. This could be compared with the vhn/2 subshell half-filling 
effect in neighbouring Sn nuclei which occurs at N = 73 [48]. Indeed, spectroscopic 
information of these high-spin states in odd 125- 130Sb nuclei is somewhat sparse, and 
further experimental work is required.
States with spin and parity, 77r=27/2+ are expected to be isomeric in 125,127Sb, 
but despite experimental studies [45, 136], sensitive to n s  and p s  decays, they have 
currently not been observed. If one compares the level structure of 125 Sb with that 
of 123Sb in the report by Porquet e t al., then the maximally-aligned 7rg7/2 0  u (h u / 2)2 
state might be expected to exist just above the E x= 2636 k e V  state, analogous to the 
/ 7r=23/2+ state in 123Sb. The experimental sensitivity to isomeric decays in the work 
of Judson et a l  [136], is limited to approximately 100 p s , so it follows that this state 
may exist with a half life larger than this limit.
A combination of factors should be considered if one is to study the z/(/in/2) 2 
states in odd-antimony isotopes from A=121-131 in more detail. It is clear that the 
spectroscopy of low-energy 7  rays is very important. Whilst the GAMMASPHERE 
set-up for this experiment has enabled a detailed study of isomeric decays in both 
121Sb and 123Sb, it was certainly not ideal for detecting low-energy 7 -rays. It is possi­
ble to use a number of low-energy photon spectrometer (LEPS) detectors within the 
GAMMASPHERE HPGe detector array, which has yielded successful results in previ­
ous experiments [137]. Alternative facilities might include those at ANU in Australia, 
WNSL at Yale, USA or iThemba labs in Cape Town, South Africa, which have detector 
arrays that are well suited to studying a combination of low and high-energy 7 -rays.
The reaction mechanism used to populate these nuclei is also a vital component of 
their study. Fusion-fission reactions between 178Hf and 27Al adopted in this experiment
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were n o t specifically chosen to  s tu d y  isom ers in  antim ony, an d  as such, th e  isotopes th a t  
were p o p u la ted  are n o t n eu tro n  rich. O ne could op tim ise th e  b e a m /ta rg e t com bination  
to  yield m ore neu tron -rich  fission p ro d u c ts . For exam ple, an  180  b eam  an d  238U ta rg e t 
w ould fuse in to  a  fooFm com pound  nucleus, an d  fission to  neu tron -rich  an tim ony  nuclei. 
P o rq u e t et al. successfully used 12C + 238U, 18O-f-208P b  an d  31P + 176Y b b e a m + ta rg e t 
com binations to  p o p u la te  119- 127Sb. I t  m igh t also be  possible to  use a  heavy fissile 
source, such as 250Gf to  p o p u la te  these  nuclei. I t  would be  necessary  to  correlate  th e  
tim e  of 7  rays from  isom eric decays w ith  th a t  of th e  recoiling fission p ro d u c ts , in  order 
to  m ake isom eric lifetim e m easurem ents. T h is  can b e  done w ith  recoil detec to r, such 
as th e  S A P h IR  a rray  used by  P o rq u e t et al. [138].
T hese results, com bined w ith  th o se  of m any  o ther works have provided a  large 
am oun t of spectroscopic in fo rm ation  in th e  region. T he  chief benefit of such w ork is 
th e  ab ility  to  com pare th e  em pirical in fo rm ation  w ith  m odel-based  calculations. T h e  
agreem ent betw een experim ental d a ta  an d  th eo re tica l p redictions, can  in m any ways 
provide a  yardstick  by w hich we can  eva lua te  our u n d ers tan d in g  of th e  physics. Shell- 
m odel ca lcu lations have been  very successful in  p red ic ting  th e  spin  an d  energy of excited  
s ta te s  in  nuclei near closed-shell boundaries [139] (and references th ere in ). In  th e  p ast, 
th is  success has been  lim ited , in th e  Z = 50 region, to  nuclei near th e  N = 50 an d  82 shell 
closures. As one moves aw ay from  closed n eu tro n  shells, th e  num ber of valence partic les 
increases w hich in tu rn  increases th e  size of th e  ca lcu lation  dram atically . Significant 
advances in com puter processing pow er an d  an  increased soph istication  in shell-m odel 
codes m akes such calcu lations increasingly  achievable. Shell-m odel ca lculations are 
very im p o rtan t in achieving a  m ore com plete u n d erstan d in g  of th e  observed nuclear 
s ta te s  in m id-shell an tim ony  an d  t in  nuclei, an d  will be  th e  focus of fu tu re  work.
C h a p t e r  7  
S u m m a r y
T h e  m otiva tion  for th is  experim ent was to  investigate  h igh-spin  K -isom ers in 
1 7 7 , 1 7 8 p red ic ted  using blocked B CS calculations. G iven th e  degree of success to  
w hich such calculations have rep roduced  m ulti-quasipartic le  s ta te s  in  these  and  o th er 
nuclei, com bined w ith  an  experim ental p rocedure  th a t  has identified  m any high-spin 
isom ers in  ad jacen t nuclei, th e  absence of evidence for these isom ers is b o th  confounding 
an d  in triguing. T h ere  could be  an  abundance of reasons for th e ir  en igm atic  s ta tu s , 
such as lifetim e, y rastness an d  p o p u la tio n , an d  it m ay only be w ith  inco rporation  of 
rad ioactive-beam  techniques th a t  we could hope to  elucidate  th e ir  m ystique.
D espite  th e  exhaustive search for isom eric s ta te s  in hafn ium  isotopes, th e  serendip­
itous discovery of isom eric decays in  Sb an d  M o nuclei has p roduced  an  a lte rn a tiv e  focus 
for th is  w ork th a t  is b o th  co n tra stin g  an d  com pelling in th e  physics th a t  i t  represents. 
T h e  im proved spectroscopic in fo rm ation  in  121,123Sb provides an  em pirical benchm ark  
for continued  w ork w ith  th eo re tica l shell-m odel calculations th a t  rep resen t our un d er­
stan d in g  of com plex residual in teractions betw een few partic le  system s.
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